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Abstract

In this PhD thesis, we present some developments in the theory of sets of finite perimeter,
weak integration by parts formulas and systems of coupled evolution equations for nonnegative
Radon measures.

First, we introduce a characterization of the perimeter of a measurable set in R” via a
family of functionals originating from a BM O-type seminorm. This result comes from a joint
work with Luigi Ambrosio and is based on a previous paper by Ambrosio, Bourgain, Brezis and
Figalli. In this paper, the authors considered functionals depending on a BM O-type seminorm
and disjoint coverings of cubes with arbitrary orientations, and proved the convergence to a
multiple of the perimeter. We modify their approach by using, instead of cubes, covering
families made by translations of a given open connected bounded set with Lipschitz boundary.
We show that the new functionals converge to an anisotropic surface measure, which is indeed
a multiple of the perimeter if we allow for isotropic coverings (e.g. balls). This result underlines
that the particular geometry of the covering sets is not essential.

We then present the proof of a one-sided interior approximation for sets of finite perimeter,
which was introduced in a paper of Chen, Torres and Ziemer. The original proof contained a
gap, which was corrected in a joint work with Monica Torres. Given a set of finite perimeter
E, the key idea for the approximation consists in taking the superlevel sets above 1/2 (re-
spectively, below) of the mollification of the characteristic function of £. Then, we have that,
asymptotically, the boundary of the approximating sets has negligible intersection with the
measure theoretic interior (respectively, exterior) of £ with respect to the (n — 1)-dimensional
Hausdorff measure.

The main motivation for the study of this finer type of approximation was the aim to
establish Gauss—Green formulas for sets of finite perimeter and divergence-measure fields; that
is, LP-summable vector fields whose divergence is a Radon measure. Exploiting an alternative
approach, we lay out a direct proof of generalized versions of the Gauss—Green formulas, which
relies solely on the Leibniz rule for essentially bounded divergence-measure fields and scalar
essentially bounded BV functions. In addition, we show some recent refinements. In particular,
we provide a new Leibniz rule for LP-summable divergence-measure fields and scalar essentially
bounded Sobolev functions with gradient in L?" and we derive Green’s identities on sets of finite
perimeter. This part is based on joint works with Kevin R. Payne and with Gui-Qiang Chen
and Monica Torres.

Due to the robustness of the Euclidean theory of divergence-measure fields, we can extend it
to some non-Euclidean context. In particular, based on a joint work with Valentino Magnani,
we develop a theory of divergence-measure fields in noncommutative stratified nilpotent Lie
groups. Thanks to some nontrivial approximation arguments, we prove a Leibniz rule for
essentially bounded horizontal divergence-measure fields and essentially bounded scalar function
of bounded h-variation. As a consequence, we achieve the existence of normal traces and the
related Gauss—Green theorem on sets of finite h-perimeter. Despite the fact that the Euclidean
theory of normal traces relies heavily on De Giorgi’s blow-up theorem, which does not hold in
general stratified groups, we are able to provide alternative proofs for the locality of the normal
traces and other related results.

Finally, we present a work in progress concerning the study of dislocations in crystals and
their connection with evolution equations for signed measures, based on a current research
project with Luigi Ambrosio, Mark A. Peletier and Oliver Tse. Starting from previous works of
Ambrosio, Mainini and Serfaty, we consider couples of nonnegative measures instead of signed
measures. Then, we employ techniques from the theory of optimal transport in order to repre-
sent the evolution equations as the gradient flows of a given energy with respect to a suitable
distance among couples of nonnegative measures. To this purpose, we study a version of a
Hellinger-Kantorovich distance introduced by Liero, Mielke and Savaré. In particular, we prove



the existence of (weakly) continuous minimizing curves of measures which realize this distance
and investigate its alternative representation as infimum of some action functional. Future
research shall go in the direction of analyzing further properties of this Hellinger-Kantorovich
distance, such as its dual representation, with the final aim to apply the classical methods of
minimizing movements to prove the existence of solutions satisfying a certain type of energy
dissipation equality.
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Introduction

Geometric Measure Theory is the branch of Analysis which studies the fine properties of weakly
regular functions and nonsmooth surfaces, generalizing techniques from differential geometry
through measure theoretic arguments. More specifically, it deals with the generalizations and
the weaker versions of many classical problems and statements from Geometry and Analysis,
such as the isoperimetric and Plateau’s problem, Stokes’ theorem and the Gauss—Green for-
mula. In addition, tools and concepts from Geometric Measure Theory play a relevant role in
many other fields where weak convergence results and vector fields are involved. One of the
main examples of such applications is the theory of gradient flows, which deals with the study
of differential systems where the velocity of the solution is given by the gradient of a given
functional. In particular, such theory has been exploited to derive existence and regularity
results for solutions of differential equations which could be seen as a gradient flows of some
functionals acting on suitable spaces of finite Radon (or probability) measures.

This thesis is devoted to some of the topics from Geometric Measure Theory, to which I ded-
icated my research during my years of PhD: different characterization of sets of finite perimeter
and their smooth approximation (in the Euclidean and the stratified groups framework), the
Gauss—Green and integration by parts formulas under weak regularity assumptions and some
evolution problems for signed measures.

We provide now an outline of the thesis, while we shall give a more detailed overview of
these topics in the following subsections.

e In Chapter [1| we set some notations and introduce basic tools and results from Geometric
Measure Theory which shall be used in the subsequent chapters. In particular, we recall
relevant preliminary notions on the theory of functions with bounded variation (BV') and
sets of finite perimeter in stratified groups, while providing certain new results on smooth
approximation for BV functions, based on the first sections of [51], a joint work with
Valentino Magnani.

e Chapter [2] contains a collection of results on the theory of sets with finite perimeter in
the Euclidean space and in stratified groups. In particular, in Section [2.2] based on a
joint work with Luigi Ambrosio [6], we deal with a characterization of the perimeter of
sets in R™ through functionals arising from seminorms of the bounded mean oscillation
type. In Section , based on [55], in collaboration with Monica Torres, we provide an
improvement to the standard approximation results for Euclidean sets of finite perimeter.
In Section [2.4] we investigate the existence and uniqueness of weak™ limit of mollifications
of characteristic functions of sets with finite h-perimeter in stratified groups. These results
are part of the preliminaries of [51], in collaboration with Valentino Magnani.

e In Chapter |3| we give an exposition on the main features of the Euclidean theory of
divergence-measure fields in relation with the generalization of Gauss—Green and integra-
tion by parts formulas. This chapter contains material from [52], in collaboration with
Kevin R. Payne, and [40], in collaboration with Gui-Qiang Chen and Monica Torres.



e Chapter 4] is devoted to the extension of the notion of divergence-measure field to the
framework of stratified groups and the subsequent derivation of related Gauss—Green
formulas on sets of finite h-perimeter. While the fundamental steps of this derivation
are similar to the Euclidean case, thanks to the robustness of the theory, we stress the
fact that there are some new difficulties which require different techniques and methods of
proof to be overcome. These results were presented in [51], in collaboration with Valentino
Magnani.

e Finally, in Chapter 5| we describe the state of the art of an ongoing research project with
Luigi Ambrosio, Mark A. Peletier and Oliver Tse, related to the study of a certain type of
evolution problems in divergence form for couples of nonnegative Radon measures. The
interest on these type of systems of equations comes from the theory of dislocation in
crystals. The aim of the investigation is to represent these systems as gradient flows of
a suitable free energy with respect to a distance between couples of nonnegative Radon
measures, exploiting ideas from the theory of optimal transport and gradient flows.

The characterization of the perimeter of sets through BMO-type
seminorms

The notion of set of finite perimeter is at the core of Geometric Measure Theory. Broadly
speaking, it extends the idea of manifold with smooth boundary, in this way providing a suitable
space in which is possible to study the existence of a solution to Plateau’s problem on minimal
surfaces with a prescribed boundary and other similar geometric variational problems. We say
that a Lebesgue measurable set F has (locally) finite perimeter in R™ if the total variation of
its characteristic function V' (yg, ) is finite on any bounded open set ; that is,

Vxg, ) :=sup {/QXE divpdz : ¢ € CZ (4 R™), || @] oo (@rn) < 1} < 00. (I.1)

We define the perimeter of E in € to be the total variation of x g, P(E, Q) := V(xg, ). Thanks
to Riesz’s Representation Theorem, it is possible to show that this definition is equivalent to
ask the existence of a (locally finite) vector valued Radon measure Dx g such that the following
weak version of the Gauss-Green formula holds

/ dives da: — —/ é-dDxp, for any ¢ € CL(R™R"). (1.2)
E R»

As an immediate consequence, we see that |Dyg|(Q2) = P(E,Q) for any bounded open set (.
The first seminal idea of looking for a new notion of orientable surface suitable for satisfying
extensions of the Gauss—Green theorem is due to Caccioppoli [36,37], who defined the sets of
finite perimeter through an approximation procedure via polyhedral sets. It was De Giorgi
[63,/64] who fully accomplished this program and named this family of sets after Caccioppoli.
De Giorgi actually gave a definition different from and , since he employed the heat
kernel and the properties of its gradient. Nevertheless, he proved that his definition included
the one of Caccioppoli, by a compactness argument, and that it is equivalent to the validity of
. In addition, he proved a remarkable representation formula for the measure Dyg; that
is,
Dxp =vp A" ' FE, (1.3)

where vg is the measure theoretic unit interior normal, "' is the (n — 1)-dimensional Haus-
dorff measure and .Z E is the reduced boundary (see Definition and Theorem [1.1.10). For
an account on the early stages of the theory of sets of finite perimeter, we refer to 3], while in
Chapter [I] the main results on this theory are recalled, together with the notion of functions of
bounded variation (BV'), which is strongly tied to it.
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The standard definition of a set of finite perimeter is of distributional nature: it ba-
sically means that, if E is a set of (locally) finite perimeter in R™, then each distributional
partial derivative of its characteristic function is a distribution of order 0; that is, a (locally)
finite Radon measure. Even the smoothing procedure of De Giorgi implied the use of a differ-
ential operator.

It is therefore of interest to consider new possible ways of defining sets of finite perimeter
without employing any weak differentiation. The classical approach of Federer [71,/72] was
based on the definition of the measure theoretic boundary of a set E,
|B(x, )N E| - 1} 7

B E
O'F = {x € R" : lim supM

> 0, lim inf
L TERS] i

| B(x,7)]
which is the set of points with Lebesgue density in E neither 1 nor 0. Equivalently, 0*F =
R™\ (E'U E°), where

E' .= x@R%hmEﬁﬂQﬁ!ﬂ:1 and E° := x@R%hmEﬁﬂQﬁ!ﬂ:o
r—0 ’B(l’,?”” r—0 ’B(l’,?””

are the measure theoretic interior and exterior of E, respectively. A famous and deep theorem
by Federer states that a Lebesgue measurable set E is of (locally) finite perimeter in R™ if and
only if 9*E has (locally) finite (n — 1)-dimensional Hausdorff measure; that is, 7" 1(K) < oo
for any compact set K C 0*F.

Recently, a different approach has been investigated, based on the approximation of Sobolev
and BV norms by some family of functionals. In particular, [5] Ambrosio, Bourgain, Brezis
and Figalli considered the following functionals

L(f)=""swp S

Ge Q'eg.

flz) — ][Q/ f‘ dx, (1.4)

for any measurable function f, where G, is any disjoint collection of e-cubes )" with arbitrary
orientation. The authors then focused on the case f = x4; that is, the characteristic function
of a measurable set A, and proved that

lig 1. (a) = 5P(4). 5)

In Chapter [2, Section (based on [6], a joint work with Luigi Ambrosio), we modify their
approach by using, instead of cubes, covering families made by translations of a given open
bounded connected set C' with Lipschitz boundary. Hence, we define

HOA =T 3 ha@) = £ v

He crey,

dx,

where H. is any disjoint family of translations C” of the set eC with no bounds on cardinality.
In order to show the convergence, the key idea is to define suitable localized versions HE (4, ()
of the functionals, by considering only coverings inside a given open set {2. Then we consider
HY(S,,Q,), where v € S 1 S, ;== {z € R": z-v >0} and @, is a unit cube centered in the
origin having one face orthogonal to v and bisected by the hyperplane 05,. Then, we prove
that the limit as ¢ — 0 of this functionals is well defined and depends only on v, so that we
can define

C e T1: C
C(v) == lim HO(S,.Q,).

The subsequent steps consist in proving suitable density estimates for the functionals

HY(A, Q) :=limsup HE (A,Q), HY(A,Q) = liminf HY(A,Q),

e—0 e—0
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from which we deduce that, for any set with finite perimeter F,

HEY(E,Q,,(z HY(E,Qy, (x
hmlnf —( aQ E( )(ZE,T)) :thU.p +( ’Q E( )(‘TaT»
r—0 P(Ea QVE(:B)(xa 7’)) r—0 P(Ea QVE({L') ($7 7'))
where @, (z,7) is a cube of side length r centered in x and with one face orthogonal to v.

Adapting the classical proofs of the differentiation theorem for Radon measures, we are able to
achieve a generalization of (.5, by showing that, for any set of finite perimeter A, we have

= 0% (vp(x)) for A" -ae. v € FE,

: C _ C n—1
lim HE(4) = [ 60 va(a) dot" (@), (16)
On the other hand, if A is measurable and P(A) = oo, using a comparison argument with I.(x4)
we obtain

lim HY(A) = 4o0.

e—0

This result means that the functionals HY converge to some type of anisotropic surface
measure. In addition, we can prove that, if C'is a ball, then ¢ is constant, so that the surface
measure at the right hand side of reduces to a multiple of the perimeter.

We remark that raises the question whether the limit functional is indeed an anisotropic
perimeter. It is well known that [z, ¢%(va)d#"~1 is lower semicontinuous with respect to
the convergence in measure if and only if ¢ is the restriction to the unit sphere of a positively
1-homogeneous and convex function ¢¢. The problem is nontrivial since we are able to prove
that, if C' is the unit square (0,1)? in R2, then $° is not convex (|6, Section 4]). In particular,
the convexity of C' is not a sufficient condition to obtain the convexity of $¢. However, ¢ is
constant in the case C' is a ball, and so it is trivially convex in this case. Therefore, a future
research in this field is to look for conditions under which we can ensure the convexity of @°.

Smooth approximations of sets of finite perimeter

Somehow in the spirit of the original definition of Caccioppoli, it is well known that any set £
with finite perimeter in R", for n > 2, can be approximated by a sequence of smooth sets Ej

in the sense that
|ExAE| — 0 and P(Ey) — P(E). (1.7)

As showed in |11, Theorem 3.42], these sets may be constructed by taking the convolution of
XE against a standard mollifier p, and considering suitable superlevel sets of p., * x g, for some
nonnegative sequence €, — 0. Then, exploiting the coarea formula for BV functions and Sard’s
theorem, we deduce the existence of some ¢ € (0,1) such that {p., * xg > t} is a smooth set
for any k.

In Section [2.3] we consider a refinement of this approximation result, by exploiting the
tangential properties of the reduced boundary of sets of finite perimeter. It is a classical result
due to De Giorgi (Theorem that in any point x of the reduced boundary of a set £ with
finite perimeter in R™ we have the following blow-ups:

EF—=x

— H (z) ={y eR":y -vp(x) >0} in L (R") as ¢ —0 (L.8)
and ®"\ B)
n — X _ n . n
— H, () :={y eR":y-vg(z) <0} in L (R") as ¢ — 0. (1.9)

Roughly speaking, this means that on small scales the set E'N B(x,r) is asymptotically equal
to the half ball centered in x and bisected by the hyperplane

{e+y:y ve(x) =0}

12



A simple consequence of and is that (p. * xg)(z) — 1/2 for any z € FFE and any
standard mollifier p (Lemma . This suggests that it is possible to distinguish between
the approximating superlevel sets {p., * xg > t} according to whether t < 1/2 or t > 1/2.

Indeed, we show that, in the first case, the difference between the level sets and the measure
theoretic interior of E is asymptotically vanishing with respect to the " !-measure; in the
latter, we obtain the same result for the measure theoretic exterior. Therefore, we call this type
of approximation “one-sided” since it provides different interior and exterior approximations
of the set (see Theorem [2.3.4). In addition, for this one-sided approximation the first limit
in holds when substituting the Lebesgue measure with any Radon measure ;o absolutely
continuous with respect to the Hausdorff measure s#"~1. More rigorously, we prove that, if £
is a bounded set of finite perimeter in R™ and p is a Radon measure such that |u| < "1,
there exist two sequences { Ej.;}, { Ek.} of sets with smooth boundary such that

1| (B AEY) = 0 and P(E);) — P(E), (1.10)
1| (BreA(E'UZE)) — 0 and P(Eg.) — P(E), (I.11)

and
AN OB \ E') = 0 and " Y (0E,. \ E°) — 0. (1.12)

Generalizations of the Gauss—Green formula in the Euclidean setting

The Gauss—Green formula, or divergence theorem, plays a ubiquitous role in Mathematical
Analysis, Mathematical Physics and Continuum Physics, since it provides a way to establish
energy identities and energy inequalities for PDEs, to derive the governing PDEs from basic
physical principles and to rigorously justify balance or conservation laws for classes of subbodies
of a given body. Thus, of particular importance is the search for extending the validity of such
formulas to vector fields of low regularity and for general classes of subdomains.

The classical statement of the Gauss-Green formula requires a vector field F' € C}(R"; R")
and an open set E such that OF is a C' smooth (n — 1)-dimensional manifold, in order to
conclude that

/ divFde = — | F-vgds#" !, (1.13)
E OF

where v is the unit interior normal to 0F. Such assumptions are clearly too strong for many
practical purposes, since, for instance, open sets with Lipschitz boundary would not be allowed,
and thus integration by parts on cubes would not be possible. As we mentioned above, the
first relevant generalization of is strongly tied to the notion of set of finite perimeter,
and it is due to De Giorgi [63,64] and Federer |71,[72]. Indeed, if we exploit and (L.3), we
immediately obtain that, given any set £ with locally finite perimeter in R"™, we have

/ divFde = — [ F-vpda, (L.14)
E FE

for any F € C!(R";R"). While we can argue that the assumption of being a set with (locally)
finite perimeter is optimal for the integration domain, it is clear that we can still weaken the
regularity hypotheses on the vector field. In 1967 Vol’pert [156,157] obtained an extension of the
Gauss—Green theorem for essentially bounded vector fields of bounded variations. The space of
functions of bounded variation on R™, BV (R"), is the set of L'-functions whose distributional
gradient Du is a finite vector valued Radon measure. Thus, it can be seen as the natural
extension of the Sobolev space W!(R"). The notion of BV function was first considered by
C. Jordan in 1881 in the one-dimensional case |102], in order to deal with convergence criteria
of Fourier series. The initial definition was based on a pointwise notion of total variation,
and could not be easily extended to many variables. It was Fichera [74] and De Giorgi [63]

13



who gave the modern distributional definition, exploiting Schwartz’s theory of distributions. In
particular, De Giorgi proved that a set E has locally finite perimeter in R" if and only if the
characteristic function of E is of locally bounded variation.

Exploiting the fine properties of BV functions, Vol'pert proved integration by parts formulas
for essentially bounded functions with bounded variations on sets of finite perimeter. More
precisely, he showed that, if u € BV (R") N L>*°(R") and £ is a bounded set of finite perimeter
in R", then for any j € {1,...,n} we have

(Du);(EY) = — /? () A, (L.15)
(Du);(E' U ZE) = — /ﬁ e (ve); A, (L.16)

where (Du); and (vg); are the j-th components of Du and vg, respectively, and uy,,, are the
exterior and interior traces of w on .#E; that is, the approximate limits of v at x € FF
restricted to the half spaces {y € R" : (y —z) - (£vgr(z)) > 0}. The existence of such traces is a
consequence of the fact that any BV function u admits a precise representative u* which is well
defined for #" '-a.e. x € R™. It is then clear that we can apply ([.15) and ([.16)) to the j-th
component of a vector field F' € BV (R";R™) N L>*(R™;R"), for any j € {1,...,n}, and then
sum up the resulting idenities, obtaining in such a way the following Gauss—Green formulas,

which extend ([[.14)):

divF(EY) = — / F, - vpda !, (L.17)
FE

divF(E'UZE) = — /ﬁ Fo, vpda (L18)
FE

It is easy to notice that not all the partial derivative of the vector field F' actually need
to be Radon measures, since only the divergence of F' appears in the left hand sides of
and . This simple observation leads to the idea that the Gauss—Green formulas may hold
also for a larger family of vector fields, for which only the distributional divergence is a Radon
measure. Thus, it seems natural to define the space of (p-summable) divergence-measure fields,
DMP(R™), for any p € [1,00], to be the set of LP-summable vector fields whose divergence is
a finite Radon measure on R". It is clear that divergence-measure fields generalize the vector
fields of bounded variation, and indeed they were studied in the last two decades in order
to achieve Gauss—Green and integration by parts formulas with lower regularity assumptions
on both the vector fields and the integration domains. After having been first introduced by
Anzellotti in 23], divergence-measure fields proved to be very important in applications, as in
hyperbolic conservations laws, in the theory of contact interactions in Continuum Physics, and
in the study of 1-Laplace, minimal surface and prescribed mean curvature type equations (we
refer for instance to [41,1044/107,{134}/138]).

In Chapter |3| we present an approach to the proof of the Gauss—Green formula based on the
adaptation of the techniques already developed for BV functions in Vol’pert’s monograph [157].
We start with a short exposition on the general properties of DMP-fields, such as the absolute
continuity properties of the divergence-measure and the product rules. In particular, we prove
a product rule not present in the literature to the best of our knowledge (Theorem : if

p,p € [1,00], ]% +L =1, Fe DML (R") and g € WP (R") N L2 (R"), then gF € DM?,_(R™)

p T loc loc loc
and
div(gF) = ¢"divF + F - Vg 2", (I.19)

where ¢* is a suitable representative of g. Then, we focus ourselves on the case p = oo, in
which we exploit an already established product rule for essentially bounded divergence-measure
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fields and essentially bounded scalar functions with bounded variation: if F' € DM (R™) and
g € BVioe(R™) N L2 (R™), then gF € DMy, (R™) and

loc
div(gF) = ¢g*divF + (F, Dg), (1.20)

where ¢g* is the precise representative of g (see Definition and (F, Dg) is the (unique)
pairing measure between F' and the weak gradient of g (see Lemma . In particular, the
measure (F, Dg) satisfies |(F, Dg)| < || F|| oo n;rny| Dg|. We stress the fact that, for p = oo, we
have |divF| < "1 so that the expression g*divF is meaningful. The starting point of our
method to obtain generalized Gauss-Green formulas is to apply to the case g = xg, for
some set E with locally finite perimeter, in order to derive suitable identities between Radon
measures. Thanks to some algebraic manipulations, we obtain

div(xgF) = xpdivF + 2(xgF, Dxg), (I.21)
Then, we define the generalized interior and exterior normal traces of F on % E, which we

denote by (F; - vg) and (F. - vg), as the densities of the pairing measures (xgF, Dxg) and
(xem\gF, Dxg) with respect to the perimeter measure |Dygl:

2(xel, Dxg) = (Fi - ve)|Dxzl, (I.23)
2(xgm\eF, Dxg) = (Fe - vg)|DxEl. (1.24)

As an immediate consequence, ([[.21)) and ([.22)) can be rewritten as

div(xgF) = xpruz, edivE + (Fe - vi)| DxEl. (1.26)

In addition, the following trace estimates hold (Theorem [3.3.5]):
IFi - vell ez poen-1y < | Flle@mny  and || Fe - vel|l Loz poem-1) < 1F| oe@mpimrm).-

The next key observation is that, for any G € DM (R") compactly supported, we have
divG(R™) = 0. Hence, for FF € DM*(R™) and E is a bounded set of finite perimeter in R,
it is enough to evaluate ([.25) and ([.26)) on R™ in order to obtain the following Gauss—Green

formulas:

divF(E') = — Fi-vpds#"' and divF(E'UZE) = — Fo-vpdam
As a consequence, exploiting the product rule ([.19) for p = oo, we derive integration by
parts formulas for FF € DM (R™), p € L2 (R™) with Vy € L (R";R") and a set of locally

finite perimeter F such that supp(xg¢y) is compact:

/ o ddivF+/ F.-Veds = —/ o (F; - v) dA ! (1.27)
B E FE
and
/ ©* ddivF +/ F-Vodr = —/ ©*(Fo - vg)dA™ 1, (1.28)
F'UFE E FE
where (F; - vg), (Fe - vp) € LS (FE; #"!) are defined as in ([.23) and ([.24), since those

loc
identities can be clearly localized to any bounded open set. In addition, we show that this
notion of generalized normal traces is consistent with the case of continuous vector fields F', for

which we have

(Fi-ve)(x) = (F.-ve)(z) = F(z) -vg(x) for #" taezc FE.
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Then, as an improvement of the preexisting results in the literature (for instance, [8, Proposition
3.2]), we show the following locality properties of the normal traces: if F' € DM;s (R") and
E\, Ey are sets of locally finite perimeter in R™ such that "~ Y(F E, N .Z E,) # 0, then we
have

Fi-vp, =F,-vg, and F.-vp =F. Vg, (1.29)

for #" lae xe{ye FELNTFE;:vp (y) =ve(y)}, and
Fi-vg, =—F.-vg, and F.-vg =—F  vg, (1.30)

for #" lae. x €{ye FE,NFFE,y:vg(y) = —vg,(y)}. Finally, exploiting ([.27) and (.28)
in the case F' = Vu for u € Lip,,.(R") with Au € Mj,.(R™), we derive generalized versions of

the Green’s identities (Theorem and Corollary [3.5.2]).

The theory of divergence-measure fields in stratified groups

In the past decades, Geometric Measure Theory experienced a number of generalizations and
extensions to the more general settings of abstract metric measure spaces [1,2,14}/15,123]. In
particular, great attention was given to the theory of functions of bounded variation and sets
of finite perimeter in stratified groups, starting from the pioneering work of Franchi, Serapioni
and Serra Cassano in the Heisenberg group [79]. A stratified (or Carnot) group can be seen as
a linear space G equipped with an analytic group operation such that its Lie algebra Lie(G)
is stratified, and with left invariant horizontal vector fields X1,..., X, that determine the
directions along which it is possible to differentiate. Given a function f differentiable in this
sense, f € C4(G), we denote by Vy f its horizontal gradient; that is,

m

Viaf =3 (X;f)X;.

=1

Analogously, if ¢ : G — HG is a suitably regular horizontal section, we define its divergence as
divp := Zngoj.
j=1

It is then clearly possible to consider corresponding horizontal distributional derivatives, and
this leads to the definition of the functions of bounded h-variation: f € BVy(G), if f € LY(G)
and

Dy fI(G) = sup{/G fdivéda : ¢ € CHHG), || < 1} < .

Analogously to the Euclidean case, we say that a measurable set £ C G is of locally finite
h-perimeter in G (or is a locally h-Caccioppoli set) if xg € BV 10c(G); that is, for any bounded
open set U, we have

P(E,U) :=|Dyxe|(U) < oo,

where P(E,U) is the h-perimeter of E in U. Many of the classical results from the Euclidean
BV theory proved to be true in the context of stratified groups. However, the extension of the
notion of rectifiability resulted to be problematic. Remarkably, De Giorgi’s Blow-up Theorem
(Theorem may be false in general, if the step of nilpotence of the group ¢ is strictly
larger than 2, as showed by a counterexample in the Engel group [80].

The Euclidean theory of divergence-measure fields presented in Chapter [3| proves to be
sufficiently robust to be extended to some non-Euclidean contexts, such as noncommutative
stratified nilpotent Lie groups. In Chapter [4] we lay down the foundations for such a theory.
We define the divergence-measure horizontal fields as LP-summable sections of the horizontal
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subbundle HG, such that their distributional divergence is a finite Radon measure. In other
words, we say that F' € DMP(HG), for some 1 < p < o0, if F': G — HG, |F| € LP(G) and
there exists divF € M(G) such that

/ (F,Vyp) do = — / o ddivF
G G

for any ¢ € C}(G), where (-,-) denotes the scalar product associated to the left invariant
Riemannian metric of G. We observe that DMP(HG) contains divergence-measure horizontal
fields that are not BV even with respect to the group structure. In analogy with the Euclidean
context, we can prove absolute continuity properties of the divergence measure with respect to
the spherical Hausdorff measure. In particular, if p = oo, we have |divF| < S9!, where Q is
the homogeneous dimension of the group G.

Thanks to some nontrivial approximation arguments, we derive a Leibniz rule for essen-
tially bounded horizontal divergence-measure fields and essentially bounded scalar function of
bounded h-variation. In particular, we show that, if F € DM*>(HG) and g € L>*(G) with
|Dug|(G) < 400, then gF € DM™(HG). Then, if we take a mollifier p (which we may choose
to be only continuous with compact support), for any infinitesimal sequence &, > 0, there exists
a subsequence ¢, such that (p., * g) = g in L>(Q; |divF|) and (F, Vg (p., * 9)) 4 — (F, Dyg)
in M(€2). In addition, the following formula holds

div(gF) = gdivF + (F, Dng), (1.31)
where the measure (F, Dyg) satisfies
|(F, Dug)| < [[Fll @) Dugl- (1.32)

We stress the fact that, due to the noncommutativity of the group operation, it is essential to
employ a convolution with the mollifier on the left. Following the same techniques introduced
in the Euclidean case, the product rule ([.31)) is the starting point of the derivation of the
Gauss—Green formulas.

It is however important to stress the fact that a priori we cannot ensure the uniqueness of g
and of the pairing (F, Dyg), as they may both depend on the approximating sequence. Despite
this, a totally unexpected fact occurs, since in the case ¢ = xyg and F has finite h-perimeter,
it is possible to prove that the limit g is uniquely determined, regardless of the choice of the
mollifying sequence p., * xz. This seems rather surprising, since we have no rectifiability result
for the reduced boundary of a set with finite h-perimeter in arbitrary stratified groups. The
proof of this fact relies mainly on some refinements of the Leibniz rule in the case ¢ = xg,
on the absolute continuity |divF| < S9~! and on the fact that the weak* limit of p, * yg in
L>®(G;|Dyxgl) is precisely 1/2, for any set £ C G of finite h-perimeter and any symmetric
mollifier p (Proposition . In particular, we are able to prove that there exists a unique
|div F'|-measurable subset

EY c Q\ FyE,

up to |divF|-negligible sets, such that
. 1 .
Xe(r) = xpur(z) + §X9HE(SC) for |divF|-a.e. z € G.

We call EYY the measure theoretic interior of E with respect to F'. As an immediate conse-
quence, we deduce that the pairing (F, Dyxg) is unique, since, by ([.31)), we have

div(xgF) = XegdivF + (F, Dy xEg).
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Thanks to some algebraic manipulations, we can deduce the uniqueness also of the pairings
(xeF,Duxg) and (xe\eF, Duxe), and this implies the uniqueness of the interior and exterior
normal traces (F;, vg) and (F., vg), which we define as in the Euclidean case:

Q(XQ\EF7 DHXE) = <fe; VE) |DHXE‘-

Rather unexpectedly, we obtain the locality properties of these normal traces without any blow-
up technique related to rectifiability of the reduced boundary. In fact, as in the Euclidean case,
the normal traces of a divergence-measure horizontal section F' only depend on the orientation
of the reduced boundary. In particular, in the case the divergence-measure field F' is continuous
we have

(Fiyvg) () = (Fe,vg) (v) = (F(z),vg(x)) for |Dyxgl-a.e x € FyE.

In addition, thanks to (I.32), these normal traces belong to L>(Z#gE;|Dyxg|), and the fol-
lowing refined estimates on the L*-norms hold:

1{Fi,ve) I (#uipuxeh < I1Fllzem), and  [|[(Fe,ve) l|ee@umipaxe) < 1FllLe@\5)-
Finally, we obtain the following Leibniz rules:

diV(XEF) = XEl,FdiVF + <.FZ, VE> |DHXE|; <I33)
le(XEF) = XEleuﬁHEdiVF + <f€, I/E> ’DHXE’ <I34)

As a consequence, we achieve the related Gauss—Green and integration by parts formulas
for DM™-fields on sets of finite h-perimeter. Indeed, it is enough to observe that, if G €
DM>(HG) has compact support, then divG(G) = 0. Then, if we take E to be a bounded set
with finite h-perimeter in G and we evaluate and on G, we obtain the following
general versions of the Gauss—Green formulas in stratified groups:

divF(EMY) = — / (Fs,vg) d|Duxsl, (1.35)
FuE
divF(EM U ZyE) = — /y _(Fevs) dIDixl (1.36)

As a simple consequence of ([.33)), we deduce that EV¥', up to |divF|-negligible sets, can be
seen as the Borel set in 2\ Fy E satisfying

div(xgF)LQ\ FyFE = divF L EYF. (1.37)

However, an explicit and geometric characterization of EVf is still an open problem. Even more
interesting would be to prove (or disprove) the existence of a unique Borel set E'* satisfying
for any F € DM™(HS)), as it happens in the Euclidean context, where F'* = E!
the measure theoretic interior. Nevertheless, under some assumptions, involving either the
regularity of E or of the field F', the set EY can be properly determined. This immediately
yields different versions of Gauss—Green and integration by parts formulas.

If we assume |divF| < p, where p is the Haar measure of the group, then we obtain
|divF|(EYF AE) = 0 and the existence of a unique normal trace (F,vg) € L>(;|Dyxg|) such
that there holds

divF(E) = — / (F.vg) d|Dyxs|- (1.38)
FuE
This means that, in the case F is Lipschitz or Sobolev regular, then E%' coincides with E,
up to |divF|-negligible sets. It is also worth to point out that (I.38]) holds also for sets whose
boundary is not rectifiable in the Euclidean sense (Example [4.5.2).
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Another important case we considered is the one in which the set £ C G has finite perimeter
in the Euclidean sense. First, we prove that the group pairing (F, Dyxg) is actually equal to
the Euclidean pairing (F, Dxg), and that we have E'" = B, up to a |divF|-negligible set,
where Eh is the Euclidean measure theoretic interior of F; that is, the set of points with
density 1 with respect to the balls defined using the Euclidean distance in the group. Thanks
to this result and to the Leibniz rule, we obtain the following integration by parts formulas:
for any F' € DMS.(HG), any set of locally finite h-perimeter E and any ¢ € C(G) with

loc

Ve € L (HG) such that supp(¢xg) is compact, we have
/ cpddivFJr/ (F,V o) do = —/ o (Fi,vi) d| D,
E‘l_‘ E FuE

| eddivF+ [ (FVue)do=~ [ o(F.ve) dDuxel.
EHUQHE E FuE

As a consequence of our results, we derive very general versions of Green’s identities in
stratified groups. In particular, in Theorem such formulas are extended to sets of h-finite
perimeter and C%-scalar functions with sub-Laplacian measure which is absolutely continuous
with respect to the Haar measure of the group. Instead, in Theorem the domain of
integration is assumed to be a set with Euclidean finite perimeter, while the sub-Laplacians are
measures.

Evolution equations for Radon measures related to the dynamics of
dislocations

The theory of optimal transport provides a way to give a notion of gradient flows on the space of
probability measures with finite second moment endowed with the L?-Wasserstein distance, Ws.
The main advantage of this is the possibility to represent some evolution equations for Radon
measures as gradient flows of a given free energy with respect to the W5 distance. Then, it is
possible to apply the minimizing movement scheme to obtain existence of solutions satisfying
some energy dissipation inequality. We refer to the monograph [13] for a full account of this
theory.

In Chapter [5] we investigate the possibility of applying this method to systems of evolution
equations for couples of nonnegative measures (i, i) of the following form

{JZJM =div(u V(V xp) — o (1.39)

dhe = —div(uaV(V xp)) — o

for g = p1 — po, some interaction potential V', and some (possibly nonlinear) dissipation term
o depending on p; and po. The interest of lies in its close relations with the continuum
models of dislocations in crystals, such as the Groma-Balogh equations introduced in [93,94].

Our purpose is to see these evolution equations as the gradient flows of an energy of the
form

B ) =5 [ (Vo) g (BY) 4 un(R),

with respect to a suitable distance among couples of nonnegative measures. In Section we
outline the definition of a family of Hellinger-Kantorovich distances analyzed by Liero, Mielke
and Savaré in [108,|109], which appears to be useful to this aim. In particular, we focused on
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the following definition:

1 2
D1, (o)) =t { [ [ oo ot o a5 o))
4
dt

( / ) _ div ( no ) + St ) ( : ) C (L40)

(p1, p2) € C([0,1]; M4 (R™) x M (R")),
Pi0 = Vi, Pi1 = i, =1, 2}7 (I‘41)

where f : M (R") x M (R") — M (R") is a measure-valued map derived from a suitable
concave nonnegative function f.

Section is devoted to the study of the properties of Dgx. In particular, we give an
alternative representation of Dk in terms of the minimization of a certain action functional A.
In this way we prove that, if

Dk ((v1, v2), (p1, p2)) < 00,
than there exist (weakly) continuous curves (p1,p2) € C([0,1]; ML (R") x M(R")), vector
fields vy, v9 € L*((0,1); L*(R™; p;)) and a scalar reaction term & € L2((0,1); L2(R™; f(p1, p2)))
satisfying ([40), (LA1) and
€2

1
D((on). (v = [ ([, oo+ e dons 4 5 ) .

Then, we show that Dk is indeed an (extended) distance on M, (R™) x M, (R™), and we find
a necessary and sufficient condition under which Dk ((v1, va), (p1, pi2)) < 00, namely,

vi(R") = 2(R") = i (R") — p2(R").
Finally, we also prove that

Dic((p11, p12), (17, 15)) = 0 as k — 400

implies pf — p; and pf(R") — p;(R™) for i = 1,2. However, as showed in Example ,
the convergence with respect to Dx does not imply the convergence of the total mass of the
couples of Radon measures (1}, 1i5). Then, in Section [5.5| we describe the state of the art of our
investigations on the first variation of Dk under different types of perturbations. The final aim
would be to obtain Euler-Lagrange equations for the distance Dg. Future research shall go in
the direction of analyzing further properties of the distance Dy, as its dual representation, for
instance. Our final aim is to apply the minimizing movements scheme to obtain the existence
of solutions to

%“1 = div(u V(V * p)) — £, p12)
e = —div(uaV(V * 1)) — £, o),

satisfying some type of energy dissipation inequality. We conclude our current exposition with
Section , where we prove that the local (or descending) slope of the self energy

Doer (pt1, p12) := pr (R™) 4 po(R™)

\/2/Rn df (p1, p2),

which is not lower semicontinuous with respect to the distance Dk. This seems to represent an
issue in the application of the classical results from the theory of gradient flows.
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Other works

We conclude this introduction with a brief summary of other relevant research projects devel-
oped during my years of PhD.

A distributional approach to fractional Sobolev spaces and fractional
variation: existence of blow-up and asymptotics

In the last decades, fractional Sobolev spaces have been receiving increasing attention ([67]),
and, in particular, the theory of sets with finite fractional perimeter has been deeply studied,
with a focus on minimal fractional surfaces ([56], Section 7]). However, differently from the stan-
dard Sobolev space W?(R™), the space W*?(R") does not seem to have a clear distributional
nature.

In the past few years, several authors ([137,|142}|143}|147]), looking for a good notion of
fractional differential operator, considered the following fractional gradient:

vau(l_) — ,un,oz/n (y - .%)(U(y) - U([If)) d

|y _ x|n+a+1

)

where
+atl
O (=5+)
1—
r()
is a multiplicative renormalizing constant. In a similar way, one can define the associated
fractional divergence

_n
Mn,a = 2072

divip(z) = Nm/ (y —z) - (p(y) — () .

R" |y — x[rrott

so that the operators V¢ and div® are dual, in the sense that
/ udivipdr = — / ¢ - V%udx (1.42)
n Rn

for all w € C*(R") and ¢ € C°(R"™; R™).

This is the starting point of [54], a joint work with G. Stefani, which concerns a new distri-
butional characterization of the notion of sets of finite fractional perimeter, and consequently
the study of a new space of functions of fractional bounded variation.

Indeed, thanks to ([.42]), we can define

BV*(R") := {u € L'(R") : [D"u|(R") < 400},

where

|D%u|(R™) = sup {/Rn udiviedr : ¢ € CZ(R™RY), ||| e @nirny < 1}.

In addition, we say that a measurable set F is a set with finite fractional Caccioppoli a-perimeter
in an open set 2 if

Dx6l(@) =sup{ [ divgdr o € CRORY, pllzmnmn <1} < oo,

and we say that E has locally finite Caccioppoli a-perimeter in R if |D*xg|(2) < oo for any
open bounded set €.

In perfect analogy with the classical space of functions of bounded variation BV (R"), in [54]
we prove that BV*(R™) is a Banach space and its norm is lower semicontinuous with respect
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to L'-convergence; that v € L'(R"™) belongs to BV*(R") if and only if there exists a vector
valued finite Radon measure D®u such that

/ udivip dr = —/ - dD% (1.43)
n Rn

for any ¢ € C°(R™;R").

In addition, we show that any uniformly bounded sequence in BV *(R") admits limit points
in L'(R™) with respect the Llloc -convergence.

Then, exploiting again and arguing similarly to the classical case, it seems natural to
define the weak fractional - gmdzent of a function u € LP(R™), for p € [1, +oo], as the function
Vou € L (R";R") satisfying

/udivagoda::—/ Vou - pdx
n R

for any ¢ € C*(R™;R"). For aw € (0,1) and p € [1,+0o0], we can define the distributional
fractional Sobolev space

SP(R™) :={u e LP(R"): 3Vou € LP(R";R")}, (1.44)
naturally endowed with the norm
[ullser@n) = llullr@n) + [ Viull Lo@ngn)- (1.45)

It is clearly interesting to make a comparison between the distributional fractional Sobolev
spaces S*P(R™) and the well-known fractional Sobolev space W*P(R"), which, for a € (0,1)
and p € [1,00), is defined as

)P ’

endowed with the norm
[ fllwer@n) = [[ullo@n) + [ulwor@ny — Yu € WP(R"),

while, for p = oo, W*®(R") := CP*(R™), the space of bounded a-Hélder continuous functions.
In |54], we focus on the case p = 1, and we show that the inclusions

W R™) € S*H(R") € BV*(R")

are all continuous and strict.
As for the sets with finite fractional Caccioppoli a-perimeter, we show that indeed they
include the family of sets with standard finite fractional a-perimeter; that is, we have

|DaXE|(Q) < Mn@Pa(E; Q)

for any open set 2 C R", where

PA(E; Q) ::/Q Q|XE( z) — xeW)l 4, dy+2//Rn\Q e(@) —xsWll 4 4,

e e

Employing the notion of weak fractional gradient to define a natural analogue of De Giorgi’s
reduced boundary, the fractional reduced boundary F“E, as the set of points satisfying

D*xg(B
x € supp(D%xE) and Jlim xe(B(@,r))

M Doxel (Br) €5
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We also let

_ _ Dxp(B(z,r))
a. g n—l B = ;
Ve FUE ST )= e o o)

be the measure theoretic unit interior fractional normal to E.
Then, following an approach similar to the one presented in [69, Section 5.7], we derive
density estimates for |D*xg|(B(z,r)) for any x € F*FE, thanks to which we prove that

r € FE,

|Dxp| < AL F°E,

where J#"~* is the (n — a)-dimensional Hausdorff measure. In addition, exploiting a suitable
compactness result we are able to show the following result on Tan(FE, z); that is, the set of
all tangent sets of E at x, i.e. the set of all limit points in L{_(R")-topology of the family

{E“’” 7">0}as7"—>0.

Theorem 1.1. Let o € (0,1). Let E be a set with locally finite fractional Caccioppoli o-
perimeter in R". For any x € F*E we have Tan(E,x) # &. In addition, if I € Tan(E, z),
then F is a set of locally finite fractional Caccioppoli a-perimeter such that v (y) = ve(x) for
| D\ pl|-a.e. y € FF.

Hence, we obtain a first partial extension of De Giorgi’s Blow-up Theorem for sets of finite
fractional Caccioppoli perimeter, by proving existence of blow-ups on points of the fractional
reduced boundary.

This new distributional approach provides a tool to deal with a large variety of classical
results in the context of functions with fractional bounded variation. We list here the principal
directions of future research:

e achieve a better characterization of the blow-ups, and possibly their uniqueness;
e prove a Structure Theorem for #*FE in the spirit of De Giorgi’s Theorem;

e develop a calibration theory for sets of finite fractional Caccioppoli a-perimeter as a useful
tool for the study of fractional minimal surfaces;

e consider the asymptotics as « — 3 for § € [0, 1], and in particular as & — 17, in which
case it is of interest to investigate the I'-convergence of | D%y g| to the classical perimeter;

e extend the Gauss—Green and integration by parts formulas to sets of finite fractional
Caccioppoli a-perimeter;

e give a good definition of BV* functions on a general open set.

Indeed, the study of the asymptotics as a — 7, for any 5 € (0, 1] is the core of the forth-
coming work [53], in collaboration with G. Stefani, while the case @ — 07 shall be treated in
[34], in collaboration with M. Calzi, E. Brué and G. Stefani. We outline here the key aspects
of these future developments.

It is well-known that, for any p € [1,00) and n > 1, there exists a constant C,,, > 0 such
that

lim (1—a) [f]gvam(w) n,p vaHLP R7;R") (1.46)

a—1—

for any f € WHP(R") (see [29]). In [53], we improve ([.46)) by showing the following asymptotic
behaviours.
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o If p € (1,00), then WHP(R") C S*P(R") for any a € (0,1) and, for any f € WP(R"),

O}Lnll* ||V3}f - wa“Lp(]Rn;]Rn) = O (147)

o If p=1, then BV(R") C BV*(R") for any a € (0,1) and, for any f € BV (R"),

D*f = Df in M(R";R"), |D*f| = |Df| in M(R") as v — 1~ (1.48)
and
Tim D" f|(R") = |Df|(E"). (119)

e If p = co, then WH*(R") C §%*(R") for any « € (0,1) and, for any f € W= (R"),
Vef 5 Vef in L®R%R") as a— 17 (1.50)

and
||wa||Loo(Rn;Rn) S lzrgil;lf ||v3f||Loc(Rn;Rn). (I51)

It is interesting to notice that no renormalising factor is required in the limits ([.47)) —
(L.51)), contrarily to what happened for the standard fractional Sobolev seminorm, since it is
not difficult to show that 1

—«

Wn

as o — 1.

Hn,a ™

In addition, [53] contains an extension of the result of I-convergence in L (R") of the
fractional a-perimeter P, to the standard De Giorgi’s perimeter P as o — 1~ (see [9]). More
precisely, [9, Theorem 2] states that, if @ C R™ is a bounded open set with Lipschitz boundary,
then there exists a constant ¢, > 0 such that

F(Llloc) - hI{l (1 - OZ) Pa(Ev Q) = CnP(Ea Q) (152)
a—1"
for any measurable sets E C R™. We refer the interested reader to [31,61] for complete treatment
of the subject of I'-convergence.

Our counterpart of ([.52) for the fractional a-variation as « — 17 is the following: if Q@ C R”
is a bounded open set with Lipschitz boundary, then

P(Lho) — lim [Dxs|(©) = P(E; Q) (153)

for any measurable set £ C R". In addition, it is interesting to notice that our approach allows
to prove that ['-convergence holds true also at the level of functions. Indeed, if f € BV(R™)
and €2 C R”™ is an open set such that either €2 is bounded with Lipschitz boundary or 2 = R",
then

D(L) ~ lim [D*F|(©) = [DFI(©). (154)

It is relevant to mention that, as a byproduct of the techniques developed for the asymptotic
study of the fractional a-variation as o — 17, we are also able to characterise the behaviour
of the fractional a-variation as a — 5, for any given 5 € (0,1). On the one hand, if f €
BVA(R™), then

Df — DPfin M(R™;R"™), |D*f| —|D’f| in M(R") as a — [~
and, moreover,

lim [D°f|(R") = |D7f|(R").
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On the other hand, if f € BV?(R") and © C R" is an open set such that either  is bounded
and |DPf|(092) = 0 or = R", then

DY)~ lim D) = [D"fI(9).

As for the asymptotics as o — 07, it was proved in [120,/121] that for any p € [1,+00),
there exists a constant (), , > 0 such that

lim o [flyann = Cogp 170 gn, (1.55)

a—0t

for any f € Uneo) W*P(R"). Starting from (L.55)), in [34] we study what happens to the
fractional a-variation as @ — 0. Note that

‘3
vl +
-

T (
lim pq =72
a—0t T

= Hn,0,

/N

N[ =

so there is no renormalization factor as o — 0.
At least formally, as & — 07 the fractional a-gradient is converging to the operator

V() = un,o/ v = 2)(uly) —u@)

R" |y — [+t

The operator V? is well defined on C2°(R") and, actually, coincides with the well-known vector-
valued Riesz transform Rf, see [92, Section 5.1.4] and [148, Chapter 3]. Similarly, the fractional
a-divergence is formally converging to the operator

divlp(z) == Lm0 /Rn (y — x?y (_Wi?ﬂ; o(x)) dy, (1.56)

which is well defined for any ¢ € C2°(R"™; R™).
In perfect analogy with what we did before, it seems natural to introduce the space BV (R")
as the space of functions u € L*(R™) such that

| D%u|(R™) := sup {/ udivlpdr : o € CX(R™RY), ||¢|| oo ®nrn) < 1} < 00.
R

Surprisingly (and differently from the fractional a-variation, recall [54, Section 3.10]), it turns
out that |D%| <« £ for all f € BV°(R"). More precisely, one can actually prove that
BVY(R") = H'(R"), in the sense that u € BV?(R") if and only if u € H'(R™), with

D' = Ru™ in M(R™";R"),

where

H'(R") := {u € L'(R") : Ru € L'(R";R")}

is the (real) Hardy space, see [150, Chapter III] for the precise definition. Thus, it would be
interesting to understand for which functions u € L*(R") the fractional a-gradient V*u tends
(in a suitable sense) to the Riesz transform Ru as av — 0.
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On BV functions and essentially bounded divergence-measure fields
in metric spaces

In [35], a work in collaboration with Vito Buffa and Michele Miranda Jr., we give another
extension of the theory of divergence-measure fields and generalized Gauss—Green formulas
in the context of complete and separable metric measure spaces (X,d, ) equipped with a
nonnegative Radon measure p finite on bounded sets. In order to deal with “vector fields” on
metric measure spaces, one needs to refer to some differential structure of the ambient space,
in terms of which the usual differential objects of the “smooth” analysis and geometry find a
consistent and equivalent counterpart.

Following the definitions of tangent and cotangent module given by Gigli ([90,91]), we first
give a notion of functions of bounded variation and sets of finite perimeter in terms of suitable
vector fields. Then, we extend the concept of divergence-measure field. We say that X is an
LP-summable divergence-measure field, and we write X € DMP(X), if it belongs to the tangent
module LP(TX) and there exists a finite Radon measure div(X) which satisfies

- /X ¢ ddiv(X) = /X do(X) dy

for any ¢ € Lip(X) with bounded support, where d¢ stands for the differential of ¢, seen as an
element of the cotangent module L¥ (T*X), for p’ = p/(p — 1). While this definition and some
basic properties do not require any other assumption on the metric space, we need to ask X to
be locally compact in order to derive Gauss-Green formula on regular domains.
Inspired by [117], we say that an open set of finite perimeter {2 C X is a regular domain if
the upper inner Minkowski content of its boundary satisfies
M; (09) == lim SupM(Qt\Qt)

t—0

= |Dxal(X),

where, for ¢t > 0,
Q= {z € Q; dist(z,Q°) > t}.

This property allows us to construct a good family of smooth functions approximating yq so
that we obtain the following result.

Theorem 1.2. Let X be locally compact, X € DM>(X) and Q C X be a reqular domain. Then
there exists a function (X - vq)gq € L™ (02 |Dxql) such that

/Q o ddiv(X) + /Q dp(X) du = — /6 @ (X va)an d Dxal, (L57)

for any ¢ € Lip, (X) such that supp(¢xa) is a bounded set. In addition, we have the following
estimate:

(X - va)aall @0 Dxal) < 11X ||| Lo @)-

As customary, we call the function (X - vq)aq the interior normal trace of X on 0S.

Aiming to integration by parts formulas on sets of finite perimeter, we need to require
additional structural assumptions on the metric measure space: in particular, in the second part
of [35] we focus ourselves on locally compact RCD(K, co) metric measure spaces. Following idea
analogous to those developed in [51,/52] (see also Chapters [3and [4)), we first obtain a Leibniz
rule for the divergence of the product of a field in X € DM™>(X) and a scalar function in
f € BV(X) N L>*(X), and then we exploit it to gain the Gauss—Green and the integration by
parts formula on sets of finite perimeter. In this setting, we employ the heat semigroup h; in
order to regularize the bounded scalar BV function in the proof of the Leibniz rule, and so we
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strongly relied on the Bakry-Emery curvature-dimension condition and its related contraction
estimate. Even though the heat semigroup is not a local operator, as the mollification instead
was in the Euclidean spaces and the stratified groups, we are able to obtain similar convergence
results. In particular, we can define the pairing between Df and X as any (possibly not
unique) accumulation point D f(X) of the family of measures dh, f(X)u in M(X) is absolutely
continuous with respect to the total variation measure |Df|. This fact plays a fundamental
role in the definition of the normal traces of a divergence-measure field. Indeed, we set the
interior and exterior distributional normal traces of X € DM (X) on the boundary OF of a
set of finite perimeter £ C X are given as the functions (X,vg)™, (X, vg)s, € L®(X;|D1g|)
such that

QDXE(XEX) = <X7 VE><;E |DXE|>
2DXE(xe-X) = (X, vE) 5 | Dxel.

Due to the non-uniqueness of the pairing, a priori, we cannot ensure the uniqueness of these
normal traces either. However, assuming to have fixed a sequence t; — 0 such that

dhy;(xp)(xeX)p = Dxe(xpX) and dhy, (xg)(xEX)u — Dxp(xe-X),

we are able to carry on our analysis in an analogous way as in [51] (see also Chapter [4)), with
the additional difficulty given by the fact that we cannot characterize in general the weak*
accumulation points 15 of hy, 1g in L*(X;[D1g|), and so we cannot achieve uniqueness of the
normal traces. Nevertheless, we obtain general Gauss—Green and integration by parts formulas.

We remark that the issue of the dependence on the approximating sequence hy xg can be
solved under the additional assumption that |div(X)| < u. In this case, the interior and
exterior distributional normal traces of X € DM (X) on the boundary of the set of finite
perimeter E are uniquely determined and coincide, so that the unique normal trace, denoted
by (X, vg)sp, satisfies

[ eddiv)+ [ dp(X)dn = [ o (X,v8)z diD1y (158)

for any ¢ € Lip, (X) such that supp(1gy) is bounded.

Finer entropy estimates for systems of evolution equations for mea-
sures

In [7], a current research project with Luigi Ambrosio, Mark A. Peletier and Oliver Tse, we
consider some refinements of entropy estimates related to systems of evolution equations for
Radon measures, starting from previous works of Ambrosio, Mainini and Serfaty ([18,21,115]).
The aim of this research is to obtain the existence of solutions for less regular initial data.

In the framework of [115] we consider couples (p1, p2) € M2 (R?) x M3(R?), where

M2 (R?) = {u € M*(R?) : u(R?) = a,/RQ ]2 dpu(z) < oo} .

Given an initial datum

(17, 19) € MZ(R?) x M3(R?),

for some «, 5 > 0, we want to find a couple of measures (p;(t), uo(t)) which is a solution to

Ly (t) — div(Vhuwm(t) =0 « B?
{iuz(twdiv(w(tm(z&)) _o 2P((0,400) x RY), (1.59)
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where p(t) = p1(t) — po(t) and hyq is the solution, for any ¢ > 0, to
— Al = p(t) in R (1.60)
We take as free energy the Dirichlet energy associated to ([.60)),

1
=3 J

O () dyt.

The key idea of [115] is to represent ([.59)) as the gradient flow of ® with respect to the
2-Wasserstein distance between couples of measures in (p1, p12), (11, 12) € M2(R?) x M3(R?),
given by

\/W22(,u1’ 1/1) + W22(H27 VQ)'
In this way, it is possible to build a solution by applying the minimizing movement scheme. To
this purpose, we choose initial data (uf, u3) € MZ(R?) x M3(R?), and a time step 7 > 0, and
we look for ju;  and ps » which are solution to

(W3 (1, 1)) + Wi (va, i) (1.61)

1
min (I)(Vl - V2) + —
(V1,V2)€M3(R2)><M§(R2) 27

Then, we employ (1,7, fi2,-) as initial data and we look for (uf ., u3,) which solves
for this new initial data; and proceeding in this way we construct by iteration a sequence
(4% -, p5 ). The method employed in [115] is based on deriving the Euler-Lagrange equations
for the minimizers p; , p12 - and exploiting them to get some entropy estimates; that is, a bound
of the form

/Rz e(par) + o(p2r) < /]R o)) + o(ia), (1.62)

for an entropy function ¢ satisfying certain properties. In particular, this means that, if
o(z) ~ 2P as * — +oo and p? € LP(R?),i = 1,2, then the minimizers ., pua, are also
LP-summable. In [115] it is proved (using an argument from [18]) that, if p > 4, then the piece-
wise constant interpolation (fiy . (t), fia,(t)) := (uwﬂ,u;ﬁ) admits a narrow limit as 7 — 0,
up to a subsequence, which is a solution of of and belongs to LP(R?) x LP(R?).

The starting point of our approach is to give a slightly different definition of an entropy
function. We say that a nondecrasing, C!-differentiable and piecewise C?-differentiable function

¢ : [0,+00) — [0,00) is an entropy function if it satisfies

2. /(0) = hgé*”ix) eR,

3. 222" (x) > 2@/ (x) — p(x), for any x where ¢ is twice differentiable,
4. lim M = +00.
r—+oo

Then, we associate to each entropy function ¢ a dissipation function ¢; that is, a convex
function ¢ : [0,400) — R satisfying ¢/(x) = z¢'(x) — ¢(x). Thanks to some rather technical
approximation arguments, we are able to refine the method of proof of [115] (see also [18]),
obtaining the following stronger version of :

Lol + o) < [ o) +008) =7 [ 06 (n) =¥ (o e, (163)
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where p; = pi, — po-. Given initial data satisfying /2 o(ud) < oo for i = 1,2 and under
R

some additional assumptions on ¢ and 1, we show that any solution (u(t), pe(t)) of (5.2.12)),
built as narrow limit of the piecewise constant interpolation (i, (%), fi2(t)), up to a subsequence,
satisfies

L olm®) + o) = [ o +od) <= [ [ el ue)hdr, (161

where u(r) = pi(r) — pa(r).
In particular, choosing ¢(z) = 2P, p > 1, we obtain the following improvement of the
existence result given in [115].

Proposition 1.3. Let (uf,u9) € LP(R?) x LP(R?), for some p > 1, and let (uy(t), pa(t)) be a
solution of ([.5Y9)), built as narrow limit of the piecewise constant interpolation (ji1(t), io(t)), u
to a subsequence 1, — 0. Then, we have

L@y + Gy de = [ 8+ @ de < —-1) [ [ ap dedr, (163
and so p; € L=(0,T; LP(R?)), i = 1,2; while p € LPTH(0, T; LPT1(R?)), for any T > 0.
In the case of a logarithmic entropy function
o(x) = (1+x)log(l+ x)

we show that there exists a solution to ([.59)) also for initial data in the Orlicz space L log L(RR?).
We remark that it is possible to obtain analogous results also in the framework of [18§].
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Chapter 1

Preliminaries

In this chapter we introduce some basic notions and tools of Geometric Measure Theory in the
Euclidean and the stratified groups frameworks. In particular, in the latter context we also
present in Section 1.3 some new smoothing results for BV functions.

1.1 BV and capacity theory in the Euclidean space

This section is devoted to recalling definitions and well known results from the Euclidean theory
of functions of bounded variation and of capacity.

We start by setting some notation. Unless otherwise stated, 2 is an open subset of R™ and
C is equivalent to C. We denote by A¢ the complement of A and by AAB := (A\ B)U(B\ A)
the symmetric difference of the sets A, B. We denote by E @ Q a set E whose closure, E, is
compact and contained in €2, by E° the interior of the set £ and by OF its topological boundary.

We denote by Z" and % the Lebesgue and a-dimensional Hausdorff measures on R”,
where a > 0. Unless otherwise stated, a measurable set is a .Z"-measurable set. For any
measurable set £ C R™, we denote by |E| the £™measure of F, while, when applied to a
function with values in R™, | - | is the Euclidean norm. B(x,r) is the open ball with center
in z and radius r > 0 and w, = |B(0,1)]. The unit sphere in R" is denoted by S*~! and we
recall that 2"~ 1(S"1) = nw,,. We denote by B(2) the Borel o-algebra generated by the open
subsets of (€,| - |) which is a locally compact and separable metric space. We also use the
standard notation L A for the restriction of a measure p to the set A and p < v to indicate
that the measure p is absolutely continuous with respect to the measure v.

For k € NgU{+oco} and m € N we denote by C*(Q; R™) := {¢ € C*(Q; R™), supp(¢) € Q}
the space of C* functions compactly supported in € which will be endowed with the sup norm

10l Loe(@mmy = sup [¢(x)].
z€Q

We denote by Lip(£2), Lip,.(€2) and Lip.(€2) the spaces of Lipschitz, locally Lipschitz and
Lipschitz functions with compact support in €, respectively.

As it is customary, the space of signed Radon measures on 2 is denoted by M,.(2) and
the space of R™-vector valued Radon measures by M,.(€2; R™). In addition, if g € My.(€2)
and its total variation of || is finite on €, then p is a finite signed Radon measure on € and we
write € M(Q); if p is nonnegative, then p = |p| and we write g € M 10.(€2) (or p € M4 ()
if 41(Q2) < 00). Analogously, we say that u is a finite R™-vector valued Radon measure on €2,
and we write g € M(;R™), if 1 € Moo (2; R™) and |p|(2) < oo.

We introduce now the notion of local weak* convergence for Radon measures. The Riesz
representation theorem shows that the space M,.(€2; R™) can be identified with the dual of
C.(©; R™), for any m > 1. Hence, we can give the following definition.
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Definition 1.1.1 (Local weak* convergence). We say that a sequence of Radon measures
Vi € Mioc(Q) locally weakly® converges in 2 to v € Mo.(2), and we write v, — v, if for every
¢ € C.(92) we have

[oan— [ v as k- oo (1.1.1)

Analogously, given vy, v € M.(£2;R™), we have the local weak* convergence v, — v, if for
every ¢ € C.(2;R™) we have

/ngduk—>/ﬂ¢dl/ as k — +oo. (1.1.2)

Remark 1.1.2. In the sequel, the local weak* convergence above will also refer to measures
v. € M(QF) defined on a family of increasing open sets Q¢ C Q as ¢ decreases, such that
Ueso €2° = Q and for every compact set K C € there exists ¢’ > 0 such that K C Q.. This type
of local weak* convergence does not make a substantial difference compared to the standard
one, so we will not use a different symbol.

For instance, the local weak* convergence of refers to a family of measures that are
not defined on all of Q for every fixed € > 0.

We introduce now the notion of pairing between an essentially bounded vector field and a
finite vector valued Radon measure.

Lemma 1.1.3. Let F' € L>®(;R") and v € M(;R™). Let p € C.(B(0,1)) be a nonnegative
mollifier satisfying p(—z) = p(x) and [gg 1) pdx = 1. Then, the measures F'-(pxv)L" satisfy
the estimate

LI (o)l dz < |[Fll oz ] (9) (1.1.3)

for e >0 and any weak™ limit point (F,v) € M(Q) satisfies |(F,v)| < || F||perm|V|-

We call any weak* limit (F,v) constructed as in Lemma the pairing measure between
the vector field F' and the vector valued Radon mesure v.

Proof. Let ¢ € C.(Q2). It is not difficult to see that

| 6@ F@) - (e xv)@)da = [ [ 6@p.(e = y)F(a)- duy)do
= [ (oo (PN (w) - dv().

This implies that

‘/chF ~(pe ¥ v) dr| < lpe + (OF) || Lo umm V() < [0]] oo () 1 Fl| oo () V] (€2),

and therefore the sequence F - (p. x )™ satisfies (1.1.3). This means that there exists a

weakly* converging subsequence F - (p., * v).£", whose limit we denote by (F,v). Hence, for
any ¢ € C.(€)) we obtain

= hm xv)dr| < l1m | F|| oo (2mm) / ||| pe, * V| da

[ odF)| -

<mwmmmm/w&\mm=wmmm/wwm

since (pe * |v|)p — |v| by Remark [1.2.12] This concludes our proof. O
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Remark 1.1.4. We stress the fact that the pairing (F,v) introduced in Lemma is not
unique, a priori. However, if v < £, we have v = G .£", for some vector field G € L'(Q; R"™),
and so it is easy to see that

hm/ngsF.(pe*y)dx:%/Q(ﬁF.(pE*G)dx:/Qqude,

e—0

for any ¢ € C.(Q2). This implies (F,v) = F - GZ", which yields the uniqueness of the pairing
in the case of absolutely continuous measures.

1.1.1 Functions of bounded variations and sets of finite perimeter

In this section we recall some basic definitions and results in the theory of functions of bounded
variation and sets of finite perimeter, known as Caccioppoli sets. In particular, we will make
use of elements in the structure theory of sets of finite perimeter as developed by De Giorgi
[64] and Federer [71] (see also the manuscript of Federer [72]). We follow mainly the treatment
of the monographs [11}/69}/111].

Definition 1.1.5. Let €2 C R™ be open.

a) A function u € L'() is said to be of bounded variation in Q if the distributional gradient
Du is a finite R"-vector valued Radon measure on €2; that is,

| Du|(£2) := sup {/Qudivgzﬁdx cp € CHLRY), 8] < 1} < 0. (1.1.4)

The space of all such functions is denoted by BV (€2). Analogously, we say that u is of
locally of bounded variation in S if, for every open set W & 2, we have u € BV (W); the
space of all such functions is denoted by BVj,(€2).

b) A measurable set £ C € is said to be a set of locally finite perimeter in Q) (or is a locally
Caccioppoli set) if xg € BVio(2). For any open set U € €2, we denote the perimeter of
E in U by
P(E,U) := [Dxg|(U).

We say that FE is a set of finite perimeter in € if |Dyg| is a finite Radon measure on (.

Thanks to the Radon-Nikodym theorem, for any u € BV (€2) we have the following decom-
position of the weak gradient:

Du = D*u+ Du = Vu" + D?u,

where D?*u denotes the absolutely continuous part of Du, with density Vu, and D*u the singular
part.

It is not difficult to see that W(Q) C BV (Q), since it corresponds to the case (Du)® = 0,
and indeed some properties of the Sobolev space extend to the functions of bounded variation.
In particular, the Poincaré inequality holds also in BV, and it implies the linear form of
the relative relative isoperimetric inequality for sets of finite perimeter (see for instance 11}
Theorem 3.44]).

Theorem 1.1.6. Let €2 be an open bounded connected set with Lipschitz boundary. Then there
exists a constant kK = kg > 0 such that

Ju = uql[Lr(e) < K[ Dul ()
for any uw € BV(Q). In particular, if E is a set of finite perimeter in 2 and v = k/|Q)|, we have

QN E|Q\ E|
€22

< yP(E, Q). (1.1.5)
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From the definition, if F is a set of locally finite perimeter in €2, then Dy is an R"-vector
valued Radon measure on €2 whose total variation is |[Dxg|. By the polar decomposition of
measures (|11, Corollary 1.29]), one can write Dx g = vg|Dxg|, where vg is a | Dx g|-measurable
function such that |vg(x)| =1 for |Dyg|-a.e. z € Q.

Important examples of sets of finite perimeter in 2 are open bounded sets U & 2 such that
A" 1(OU) < oo or QU is Lipschitz. In this second case, it is possible to show that

|Dxy| = "L oU, (1.1.6)

as is known from the work of Federer (see [11, Proposition 3.62], for example).

While says that |Dxy| is concentrated on the topological boundary of a bounded
Lipschitz domain U, this does not happen in general. Indeed, the topological boundary of a
bounded set of finite perimeter E can be very irregular, including the possibility of having
positive Lebesgue measure. On the other hand, De Giorgi [64] discovered a suitable subset of
OF of finite " !-measure on which |Dxg| is concentrated if E has finite perimeter in Q.

Definition 1.1.7. Let E be a measurable subset of R™ and let {2 be the largest open subset
for which F is of locally finite perimeter in 2. The reduced boundary of E, denoted by # E, is
defined as the set of all = € supp(|Dxg|) N such that the limit

Dxg(B(z,1))

ve(z) := lim 1.1.7
£(0) = 0 b (Bl ) (1.17)

exists in R™ and satisfies
lvg(x)| = 1. (1.1.8)

The function vy : FE — S" ! is called the measure theoretic unit interior normal to E.

A precise justification for calling v5 a generalized interior normal comes from De Giorgi’s
blow-up analysis of E around a point of .# E illustrated in Theorem [1.1.10| below. First, we
need to recall the definitions of rectifiable set and approximated tangent space.

Definition 1.1.8. Let k € [0,n] be an integer and let S C R™ be a /#*-measurable set. We say
that S is countably k-rectifiable if there exist countably many Lipschitz functions f; : R¥ — R®
such that

S C Ufi(R’“).

Definition 1.1.9. Let k € [0,n] be an integer, 1 be a Radon measure in Q and x € Q2. We say
that the approximate tangent space of i is a k-plane m with multiplicity 8 € R at x, and we

write
Tan®(p, 2) = 0%,

if r=*u, , locally weak* converges to 0% in R™ as r — 0; that is,

liml/gqb (y;I> duly) = /ﬂ<b(y) dA"(y)
for any ¢ € C.(R").

Theorem 1.1.10. Let E be a set of locally finite perimeter in R™. Then FFE is countably

(n — 1)-rectifiable and we have
|Dxgp| =#"""_ZE. (1.1.9)

In addition, for any x € FFE,

Tan" ' (|Dxgl|,v) = "' Lvg(2), (1.1.10)
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and the following convergence results hold:

E—x " ] N
2 HL @) = {y eR iy vp(@) 20} in L (R") as £ =0 (1.1.11)
and
(R*"\ E) —x _ n . n
— H, (z):={yeR":y-vg(z) <0} in L (R") as ¢— 0. (1.1.12)

For the proof of this result we refer to |11, Theorem 3.59].

Remark 1.1.11. Thanks to Whitney’s extension theorem ([69, Theorem 6.10]), it is actually
possible to show that .#*-almost all of a k-rectifiable set can be covered by a sequence of C*
k-graphs. In particular, if F is a set of finite perimeter, then there exist a sequence of C*
hypersurfaces I'; whose union covers " !-almost all of .% F and such that vg|r, is the interior
normal of the subgraph of T;.

One of the many consequences of Theorem [I.I.10] is the extension of the classical Gauss—
Green formula to the sets of finite perimeter: indeed, thanks to the definition of weak gradient,
the polar decomposition and (|1.1.9), one can see that

/divqbdx: —/ 6 - vpd A", (1.1.13)
E FE

for any ¢ € C}(Q; R™).
Crucial to the calculus on sets of finite perimeter E in € is Federer’s structure theorem. For
any measurable set £ C € and for any « € [0, 1] define the subsets

E*:={reQ:0(E z)=a}, (1.1.14)
where Ble.r) N E|
. T, T

is the Lebesgque density of x in E. One calls E' and E° the measure theoretic interior and
exterior of E in ), respectively, while 0*E := Q\ (E° U E') is called the measure theoretic
boundary of E in Q.

Theorem 1.1.12 (Federer’s structure theorem). If E has finite perimeter in Q, then we have
FECEY? CcO'E (1.1.16)
and there exists a subset Ng with " Y (Ng) = 0 such that
Q=F'UZEUE’UNE. (1.1.17)
For a proof, we refer to |11, Theorem 3.61].

Remark 1.1.13. An easy consequence of Theorem [1.1.12|is that " 1(0*E \ FE) = 0, so
that we can integrate indifferently over .# E or 0*FE with respect to the Hausdorff measure
"1 In addition, E has density 0,1/2 or 1 in Q at s#" '-a.e. z € F.

As for the fine properties of general BV functions, we recall a well-known result on the
existence of the precise representative, for which we refer for instance to |11, Corollary 3.80].
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Definition 1.1.14. Let u € LL (). The precise representative u* of u is defined by

1
lim —— u(y) d if this limit exists
w(x) = =0 |B(x, 7)| /B W)dy (1.1.18)
0 otherwise

Theorem 1.1.15. Ifu € BV (Q), then

1
(x) = lim ——— d
u(x) li S TBG )] Joen u(y) dy

for " -a.e. x € Q. In addition, if we set u. := p.*xu in Q° = {x € Q: dist(x, Q) > e}, for
any nonnegative radially symmetric mollifier p € C°(B(0,1)) with [p ) pdr =1, we have

ue(x) = u*(x) for A" t-ae. x€Q. (1.1.19)

We conclude this subsection with the needed properties of mollifying characteristic functions
of sets of finite perimeter.

Lemma 1.1.16. Let E C Q) be a set of locally finite perimeter in Q and p € CX(B(0,1)) be a
nonnegative radially symmetric mollifier such that fB(o,l) pdx = 1. Then, the following results

hold:
1. there is a set N with 2" Y (N') = 0 such that, for all x € Q\ N, (p- * xg)(x) = x&(z)

where
1 ifveFE!
Xp()=1{3 freFE; (1.1.20)
0 ifzekE°

2. pexxg € C®(Q°) and V(p: * xg)(x) = (pe * Dxg)(x) for any x € QF;
3. one has the following weak® limits in M,.(2; R™):

(a) V(p:* xp) = Dxr;
(b) xeV(p:* x&) = (1/2)DxE;
(¢) xa\eV(pe * xr) = (1/2)DxE;
Proof. For the pointwise convergence of point (1), we notice that, since the pointwise converg-

erce is a local property, we may assume without loss of generality that F is a set of finite
perimeter in Q. Theorem [1.1.15implies that, for " 1-a.e. x € Q, (p. * xg)(x) = x5 (x) and

1
. =i 7/ dy =0(F
Xu() 0 |B(z,r)| JB@,) xe(y)dy = 005, @),

where 0(E,z) is the Lebesgue density defined in (1.1.15). It follows that x}(z) = 1,0 if
x € E', E° respectively. Moreover, by (L.1.16), we see that x3(z) = 3 if € FE. Finally,
thanks to Theorem [1.1.12] we conclude that 6(E, z) is well defined 7#" -a.e. in Q.

The smoothness of p. * xg is a well known property of the mollification. In order to prove
the commutation of point (2), let ¢ € C}(Q°;R™). Then, it is easy to see that

6V (oexxm)do = = [ (pe xxp)divode = — [ xpdivip. +0)do

:/Q(pa*cb)- deEzfgcb-(pa*DxE)dﬂf-
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Since ¢ is arbitrary, the result is proved.
For the weak* limit (a) of point (3), since (p. * xg) — xg in L .(€2), one has

| V(e xe) - 0do == [ (p.x xu)divods — — [ xpdivoda = [ ¢-dDxs

for each ¢ € C}(Q2;R"). Consequently, one has the limit (a) in the sense of R"-vector valued
Radon measures, by the density of C!(Q; R") in C.(Q2; R") with respect to the supremum norm.
In order to show limit (b), consider ¢ € C!(Q;R"™) and notice that

/chxE - V(pe * xp) dx = /QXEdiV((pa * XE)p) dr — /QXE(pa * Xg)dive dz

=— /Q ¢(p- * X&) - dDXxE — /QXE(pe * xg)dive dz.

Now, let ¢ — 0 and apply Lebesgue’s dominated convergence theorem to the measures |Dxg|
and £" and use point (1) in order to obtain

lim [ éx - V(p. xe)dv = — [ éxi- dDxw — [ \hdivode
e—0JQ Q Q
1
_ —/ “¢- dDyg —/XEdivgbdx
Q2 Q
1
—— [ 56+ dDxp+ [ 6-dDxp
Q2 Q

since xj = 3 on .ZE and |Dyg|(Q\ FE) = 0. Therefore, by the density of C}(€;R") in
Ce(Q; R™) with respect to the supremum norm, the claim (b) follows.
Finally, for the limit (c), observe that

1
xe\sV(p: + X5) = V(p. % x5) = X5V (o + xw) = (1= 5 ) Dxs

as € — 0 by combining the limits (a) and (b). O

1.1.2 Some notions of capacity theory

As is well known, the notion of capacity is very useful in the study of the fine properties of
Sobolev functions and for Sobolev type inequalities for functions of bounded variation. We
recall here a few well-known results which will play a key role in the proof of the Leibniz rule
for p-summable divergence-measure fields in Chapter 3. The brief exposition here borrows from
the monographs of [69}/101},/116,119].

Definition 1.1.17. For 1 < p < n and a compact subset K of {2 we define the p-capacity of K
relative to 2 as

cap, (K, Q) := inf {/Q Vol de - ¢ € C2(Q2), ¢ > 10nK}.
If U C Q is open, we set
cap, (U, Q) := sup{cap,(K,Q) : K C U compact}
and, for an arbitrary set A C 2,
cap,(A, Q) := inf{cap,(U,Q) : ACU C Q, U open}.
If @ = R", we write cap,(A,R") = cap,(A), for any set A.
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It is possible to show that, for any compact subset K of {2, Definition is equivalent
to

cap, (K, ) = inf{/Q Vol de: é € C2(2),0< ¢ <1,{¢p=1}°> K} ,

by an approximation argument one finds in [119, § 2.2.1, point (ii)].
It is also easy to see that

1. cap,(A1,Q) < cap,(A2,Q) if A C Ay CQ,
2. cap,(A,§) < cap,(A, Q) if Q; C Qy, hence cap,(A) < cap,(4,Q).

Definition 1.1.18. For 1 < p < n and for a set E we define the p-Sobolev capacity as
C,(E) = inf {/ IVoI? + 6P dz : ¢ € (R, {¢ > 1)° D E} .
Rn

It is clear that C,(E;) < C »(Es) for any Ey C Es.

We also have capp(E) C,(E) for any set E: indeed, cap,(K) < C,(K) for any compact
K, hence cap,(U) < C,(U) for any open set U, which easily implies the inequality for a general
set.

Following the notation of [101], we say that a set E in R"™ has zero p-capacity if

cap,(E N, Q) =0 VQ open.

Lemma 1.1.19. If1 < p < n and if cap,(E,§2) = 0 for an open set Q2 D E, then cap,(E,§Y) =
0 for any bounded open set € satisfying E C ' € €.

Proof. By the definition of capacity, it is enough to prove the statement for a compact K C €.
Let Q' be such that K C Q' € Q. We take ¢ € C*(Q),0 < ¢ < 1,{¢p = 1}° D K and
e CP(2),0<y <1,{p=1}°D K, then ¢t € C*(QV),0 < ¢ptp < 1,{¢p =1}° D K. Thus

cap, (K, 9) < [\ [V(@0)dr <2 (|| V0 de + |Vl qine) [, l0F da)
=2 (/ IVOIP dz + [V [|7 |Q/|7H¢HLP ) ) < C(Vy, Q' p) /Q Vo da,

by Gagliardo-Nirenberg-Sobolev inequality. Passing to the infimum in ¢, we obtain the desired
result, since cap, (K, ) = 0. O]

Lemma 1.1.20. If 1 < p < n, E is a bounded set and there exists an open set 2 D E such
that cap,(E,Q) = 0, then E has zero p-capacity.

Proof. By Lemma [1.1.19, we can assume () to be bounded. Then the result follows from
[101, Lemma 2.9] in the case p > 1, while the case p = 1 can be proved easily with a similar
argument. OJ

Lemma 1.1.21. For 1 < p < n, C,(E) = 0 if and only if E has zero p-capacity; that is,
cap,(ENQ,Q) =0 for any open set Q.

Proof. See [101, Corollary 2.39], the case p = 1 follows easily by the same techniques. O

We recall now two important results on the relations between the Hausdorff measures, the
capacities and the Sobolev spaces.

Theorem 1.1.22. If1 < p < n and E is a Borel set such that 7" P(E) < oo, then C,(E) = 0.
For p =1, we have that ™" *(E) = 0 if and only if C;(E) = 0.
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Proof. For the first part of the statement, we refer to [116, Theorem 2.52]. The second part
follows from [96, Theorem 4.4, Theorem 5.1]. O

In what follows, we denote by p a smooth radially symmetric mollifier p € C°(B(0,1)),
with p > 0 and [ pdz =1, and we set p.(x) := e "p(x/e).

Definition 1.1.23. A function u is called p-quasicontinuous on € if for any € > 0 there exists
an open set V' with C,(V) < e such that u restricted to © \ V' is bounded and continuous.
We say that a property holds p-quasi everywhere (or at p-quasi every point) if it holds expect
for a set of zero Sobolev capacity.

Theorem 1.1.24. Let p € [1,n] andu € WLP(Q), then u* is a p-quasicontinuous representative
of u and

li —u*(x)|dy =0 1.1.21
fiy £ July) = '@l dy (11.21)
at p-quasi every x € ), that is, there exists a set Z with C,(Z) = 0 such that (1.1.21)) holds
for any x € Q\ Z. In particular, (ux p:)(x) — u*(z) at p-quasi every x € .

Proof. For the proof of the case p € (1,n] we refer to |116, Theorem 2.55], where it is assumed
u € T/Vli’f(R”), however this result is clearly of local nature, hence it is valid also for u € W,-7(Q).
For p = 1 we refer to [69, Theorem 4.19], observing again that this statement is local and that
clearly C(Z) = 0 implies cap,(Z) = 0.

Then, (1.1.21)) implies easily that

(w p2) (@) = (@) < pllsmoomen f, _ futy) = ' (@) dy 0.

z,€)

]

1.2 Differentiation and intrinsic convolution in stratified
groups

[ In this section we recall the main features of the stratified groups, also well known as Carnot
groups. For a general theory on these groups we refer for instance to [7576,/100]. In particular,
we are focusing ourselves on the notion of differentiation and intrinsic convolution. At the end
of the section we provide an original approximation results for intrinsic Lipschitz functions.

1.2.1 Basic facts on stratified groups

A stratified group can be seen as a linear space G equipped with an analytic group operation
such that its Lie algebra Lie(G) is stratified. This assumption on Lie(G) corresponds to the
following conditions:

Lie(G) = V1 D---D V“ [Vl, VJ] = Vj+1

for all integers j > 0 and V; = {0} for all j > ¢ with V, # {0}. The integer ¢ is the step of
nilpotence of G. The tangent space TyG can be canonically identified with Lie(G) by associating
to each v € TyG the unique left invariant vector field X € Lie(G) such that X (0) = v. This
allows for transferring the Lie algebra structure from Lie(G) to ToG. We can further simplify
the structure of G by identifying it with 7;,G, hence having a Lie product on G, that yields

!This section is based on a joint work with Valentino Magnani [51].
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the group operation by the Baker-Campbell-Hausdorff formula. This identification also gives a
graded structure to G, obtaining the subspaces H? of G from the subspaces

{veT,G:v=X(0), X €V},
therefore getting G = H' @ --- @ H*. By these assumptions the exponential mapping
exp : Lie(G) - G

is somehow the “identity mapping” exp X = X(0). It is clearly a bianalytic diffeomorphism.
We will denote by q the dimension of G, seen as a vector space. Those dilations that are
compatible with the algebraic structure of G are defined as linear mappings 9, : G — G such
that §,(p) = rip foreachpe H', r >0andi=1,... ..

1.2.2 Metric structure, distances and graded coordinates

We may use a graded basis to introduce a natural scalar product on a stratified group G. We
then define the unique scalar product on G such that the graded basis is orthonormal.

We will denote by | - | the associated Euclidean norm, that exactly becomes the Euclidean
norm with respect to the corresponding graded coordinates.

On the other hand, the previous identification of G with TG yields a scalar product on
TyG, that defines by left translations a left invariant Riemannian metric on G. By a slight

abuse of notation, we use the symbols | - | and (-,-) to denote the norm arising from this left
invariant Riemannian metric and its corresponding scalar product. By (-, -)p, we will denote
the Euclidean scalar product, that makes the fixed graded basis (e, ..., eq) orthonormal.

Notice that the basis (X7,...,X,) of Lie(G) associated to our graded basis is clearly or-
thonormal with respect to the same left invariant Riemannian metric.
A homogeneous distance

d:GxG—[0,+00)
on a stratified group G is a continuous and left invariant distance with
d(9,(p), 0(q)) = rd(p, q)
for all p,q € G and » > 0. We define the open balls as
B(p,r) = {q €G:d(q,p) < r}.

The corresponding homogeneous norm will be denoted by ||z|| = d(z,0) for all z € G. It is
worth to compare d with our fixed Euclidean norm on G, getting

C ' —y| <d(z,y) < Clz —y|" (1.2.1)

on compact sets of G. A homogeneous distance also defines a Hausdorff measure 7% and a
spherical measure .. As it is customary, we set for 6 > 0 and A C Gt

A (A) = inf {Z (dlar2nA3> : diamA; <4, AcC Aj} )

jet jeJ
F(A) =inf S > - 2r; <0, AcC | Blxj,ry)
jed jeJ
and we take the following suprema

HY(A) :=sup 57 (A) and S(A) :=sup .75 (A).

6>0 6>0
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It will be useful to introduce the right invariant distance d® associated to d as follows
d¥(z,y) = |lay~ | = d(zy™,0) = d(z~",y ™). (1.2.2)

It is not difficult to check that d® is a continuous and right invariant distance, that is also

homogeneous, namely
dR((;’I‘xa 57‘y) = T’dR([E, y)

for r > 0 and x,y € G. The local estimates (1.2.1)) also show that d® defines the same topology
of both d and the Euclidean norm | - |. The metric balls associated to d~ are
BR(p,r) = {q €G:d%(q,p) < r}. (1.2.3)
We notice that
B*(0,1) = B(0, 1), (1.2.4)

being d®(x,0) = d(z7*,0) = d(0,z) for all z € G.
A basis (ey, ..., eq) of G that respects the grading of G has the property that

(emj_1+17 Cm; 1425 - ;emj)
is a basis of H7 for each j = 1,...,t, where m; = >J_, dim H? for every j = 1,...,1, mg = 0
and m = m;. The basis (ej,...,eq) is then called graded basis of G. Such basis provides the
corresponding graded coordinates v = (x1,...,x4) € R, that give the unique element of G that
satisfies .
p= Z zje; € G.
j=1

We define a graded basis (X7,...,X ) of Lie(G) defining X; € Lie(G) as the unique left
invariant vector field with X;(0) =e; and j =1,...,q.

We assign degree i to each left invariant vector field of V;. In different terms, for each
j€{1,...,q} we define the integer function d; on {1,...,¢} such that

mg, 1 < j < myg,.

The previous definitions allow to represent any left invariant vector field X; as follows
X; =0, + | > ald,,, (1.2.5)

where j =1,...,q and a;- are suitable polynomials. The vector fields Xy, X, ..., X, of degree
one, are the so-called horizontal left invariant vector fields and constitute the horizontal left
invariant frame of G.

Using graded coordinates, the dilation of z € R is given by

q
6 () = rYizje;.
=1

Through the identification of G with T5G, it is also possible to write explicitly the group product
in the graded coordinates. In the sequel, an auxiliary scalar product on G is fixed such that our
fixed graded basis is orthonormal. The restriction of this scalar product to V; can be translated
to the so-called horizontal fibers

H,G={X(p) €e T,G: X € Vi}
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as p varies in G, hence defining a left invariant sub-Riemannian metric g on G. We denote by
HG the horizontal subbundle of G, whose fibers are H,G.

The Hausdorff dimension () of the stratified group G with respect to any homogeneous
distance is given by the formula

Q= iidim(ﬂi).
=1

We fix a Haar measure p on G, that with respect to our graded coordinates becomes the
standard g-dimensional Lebesgue measure .£4. Because of this identification, we shall write
dx instead of du(z) in the integrals. This measure defines the corresponding Lebesgue spaces
LP(A) and Li..(A) for any measurable set A C G. The LP-norm will be denoted using the same

symbols we will use for horizontal vector fields in Definition [1.3.1]
For any measurable set F C G, we have p(zE) = u(E) for any x € G and

w(6xE) = X\°u(E)  for any A > 0.
Since B(p,r) = pd,.B(0,1) and B®(p,r) = 6,(B(0,1))p, we get

w(B(p,r)) = r9u(B(0,1)) and (B (p,r)) = ru(B(0,1)) (1.2.6)

due to the left and right invariance of the Haar measure pu. The previous formulas show the
existence of constants ¢q, ¢y > 0 such that

H9 =y AL = ey, (1.2.7)

where 79 and %%Q are the Hausdorff measures with respect to d and d®, respectively. In
particular, (1.2.6)) shows that p is doubling with respect to both d and d?, hence the Lebesgue
differentiation theorem holds with respect to u and both distances d and d*.

Theorem 1.2.1. Given f € L .(G), we have

loc

lim £ |f(y) - f@)ldy=0 and lim Fy) = f(@)|dy = 0,

r—0 JB(z,r) r—0 JBR(z,r)
for p-a.e. v € G.

For a general proof of the previous theorem in metric measure spaces equipped with a
doubling measure, we refer for instance to |22, Theorem 5.2.3].

1.2.3 Differentiability, local convolution and smoothing

The group structure and the intrinsic dilations naturally give a notion of “differential” and of
“differentiability” made by the corresponding operations. A map L : G — R is a homogeneous
homomorphism, in short, a h-homomorphism if it is a Lie group homomorphism such that
Lod, =rL. It can be proved that L : G — R is a h-homomorphism if and only if there exists
(ar,...,am,) € R™ such that L(z) = X7 a;x; with respect to our fixed graded coordinates.
If not otherwise stated, in the following we denote by 2 an open set in G.

Definition 1.2.2 (Differentiability). We say that f : Q — R is differentiable at xy € € if there
is an h-homomorphism L : G — R such that

1o @) = fla) = Lag's)

T—TQ d(x’ :L‘O)

= 0.
If f is differentiable, then L is unique and we denote it simply by df (x).
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A weaker notion of differentiability, that holds for Sobolev and BV functions on groups is
the following.

Definition 1.2.3 (Approximate differentiability). We say that f : Q@ — R is approximately
differentiable at xq € €2 if there is an h-homomorphism L : G — R such that

i [ @)= S0 - Lai'a)

r—=0T JB(xo,r) r

r = 0.

The function L is uniquely defined and it is called the approximate differential of f at xg. The
unique vector defining L with respect to the scalar product is denoted by V f ().

Remark 1.2.4. When G is the Euclidean space, the simplest stratified group, Definition [1.2.2]
and Definition yield the standard notions of differentiability and approximate differentia-
bility in Euclidean spaces.

We denote by C'}(€2) the linear space of real-valued functions f :  — R such that the point-
wise partial derivatives X f,..., X, f are continuous in Q. For any f € C4(2) we introduce

the horizontal gradient

Vif =3 (X)X, (1.2.8)

j=1
whose components X f are continuous functions in . Taylor’s inequality [76, Theorem 1.41]
simply leads us to the everywhere differentiability of f and to the formula

df (z)(v) = (Vu f(z ZU;X flz

q
for any x € Q and v = Zvjej e G.
j=1

We denote by Lip(Q2), Lip,.(2) and Lip,(£2) the spaces of Euclidean Lipschitz, locally
Lipschitz and Lipschitz functions with compact support in €2, respectively. Analogously, we can
define the space of Lipschitz functions with respect to any homogeneous distance of the stratified
group, Lipg(£2). It is well known that Lip,,.(€2) C Lipg,..(£2), due to the local estimate ([1.2.1)).
In addition, analogously to the Euclidean Rademacher’s theorem, a differentiation theorem for
Lipschitz functions holds in stratified groups, and it was proved by Pansu, [130].

Theorem 1.2.5 (Pansu-Rademacher). If f € Lipy,,.(€2), then f is differentiable p-almost
everywhere.

This result follows also from a Rademacher’s type theorem by Monti and Serra Cassano,
proved in more general Carathéodory spaces, [124, Theorem 3.2].

Remark 1.2.6. From the standard Leibniz rule, if f, g € Lipy,.(€2), the definition of differ-
entiability joined with Theorem gives

Viu(f9)(x) = f(2)Vug(x) + g(z)Vu f(x) for p-ae. z.

The Haar measure on stratified groups allows for defining the convolution with respect to
the group operation.

Definition 1.2.7 (Convolution). For f,g € LY(G), we define the convolution of f with g by
the integral

(f*xg)(x /f 9y~ rcdy—/ffcy (y) dy,

that is well defined for p-a.e. © € G, see for instance [76, Proposition 1.18].
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Due to the noncommutativity of the group operation, one may clearly expect that g x f
differs from f * g, in general. This difference appears especially when we wish to localize the
convolution. In the sequel, 2 denotes an open set, if not otherwise stated. For every ¢ > 0,
two possibly empty open subsets of €2 are defined as follows

OF = {r e G:dist?(,2) >} and Q.= {r€G:dist(r,Q) > ¢}, (1.2.9)

where we have defined the distance functions
dist™(x, A) = inf {dR(x, y):y € A} and dist(z, A) = inf {d(x,y) : y € A}
for an arbitrary subset A C G. We finally define the open set
AR = {IE € G : dist®(z,A) < 5} :
Definition 1.2.8 (Mollification). Given a function p € C.(B(0,1)), we set
pe(w) = e~ %p(d1/e(w))
for e > 0. If f € L'(Q) and = € G, we define
pes f(@) = [ pelay™)f(y) dy. (1:2.10)

If we restrict the domain of this convolution considering z € QF

Li.(Q) and we have

, then we can allow for f €

pexf@) = [ pelay™)f () dy, (12.11)

BR(z,)
which is well posed since the map y — p.(2y~!) has compact support inside B®(x,¢) C Q. In
addition, under these assumptions, a simple change of variables also yields

poxf@= [ p) D dy= [ ) [ ((Gy ) dy. (1.2.12)
B(0,¢) B(0,1)
Due to the noncommutativity, a different convolution may also be introduced
Frep) = [ Tpt 0 dy= [ s ) f(0)dy, (12.13)

where the first integral makes sense for all x € G and the second one only for x € €)..

It is not difficult to show that the mollified functions p. % f and f * p. enjoy many standard
properties. For instance, p. * f converges to f in L{ .(Q), whenever f € LL _(Q).

We may also define the convolution between a (signed) Radon measure and a continuous
function. As it is customary, we denote by M,.(£2) the space of signed Radon measures on €2,
and by M(2) the space of finite signed Radon measures on 2.

Definition 1.2.9 (Local convolution of measures). Let us consider two open sets Q, U C G
and define the new open set O = U(Q™') C G. Let f € C(O) and v € M(). Then the
convolution between f and v is given by

(f #v)(@) = [ flay™) dv(y) (1:2.14)

with the additional assumption that Q > y — f(zy™!) is |v|-integrable for every x € U. Thus,
[ x v is well defined in U. If p € C.(B(0,1)), for any z € OF we may represent the convolution

as follows
(pxv)(@) = [ ploy avly) = [ pulaoy™) dvly). (1:2.15)

R ()
The first integral makes sense for all x € G, being p continuously extendable by zero outside
B(0,1). In addition, (1.2.15) is well posed also for v € Me.(2), if x € Q. The function p. * v
is the mollification of v.

44



Definition 1.2.10 (Local weak® convergence). We say that a family of Radon measures v, €
M(Q) locally weakly* converges to v € M(Q), if for every ¢ € C.(2) we have

/Q<bdue—>/g¢dy as ¢— 0" (1.2.16)

and in this case we will use the symbols v, — v as e — 07.

Remark 1.2.11. In the sequel, the local weak* convergence above will also refer to measures
v. € M(Q°) defined on a family of increasing open sets Q° C Q as ¢ decreases, such that
Ueso €2° = Q and for every compact set K C € there exists ¢’ > 0 such that K C Q.. This type
of local weak* convergence does not make a substantial difference compared to the standard
one, so we will not use a different symbol.

For instance, the local weak* convergence of refers to a family of measures that are
not defined on all of Q) for every fixed ¢ > 0. We stress that this distinction is important, since
our mollifier p is assumed to be only continuous.

Remark 1.2.12. For any measure v € M(Q) and any mollifier p € C.(B(0,1)) satistying
p(z) = p(z~1) and / ( pdx =1, we observe that p. * v € C(G) and we have the local weak*
B(0,1)

convergence of measures
(pe V)b — v (1.2.17)

in 2, as e — 0. Indeed, let ¢ € C.(2) and let € > 0 small enough, such that supp ¢ C U and
U C QF is an open set. Then we have

/Q 6(2)(p. % v)(2) do = /U () < /B R Pa(a:y—l)du(y)> da

= [ o (] ptur o) o) anty)
= | (b ) ) dvly) = [ o) dv(y).

since UR® C (QF)Re C Q and p. * ¢ — ¢ uniformly on compact subsets of Q. The previous
equalities also show that

| 6@ e x (@) do = [ (o 0) ) dv(y). (1:2.18)

whenever p € C.(B(0,1)), v € M(Q) and ¢ € C.(Q) such that supp(¢) C QF.

Remark 1.2.13. The previous arguments also show that p. * f, for f € L'(Q), enjoys all
properties of the convolution in Remark [1.2.12] The same is true for p. * v, if we consider

v=(u,...,un)pB, (1.2.19)
where w1, ..., uy : © — R belong to LY(Q; 3) and 8 € MT(Q).

Proposition 1.2.14. Let QF # ) for some € > 0. The following statements hold.
1. If f e CL(QY), p e C.(B(0,1)) and/( )pdx =1, then p.* f € CH(QF),
B(0,1

Xi(p* f) = pex X;f in QF, (1.2.20)

and both p. x f and Vy(p- * f) uniformly converge to f and Vg f on compact subsets of
Q. In addition, if f € L*(Q) and p € C*(B(0,1)) for some k > 1, then p. x f € C*(G).
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2. If f € L>*(Q) and p € Lip.(B(0,1)), then p. x f € Lip,,.(G).
Proof. Let f € CL(Q) and p € C.(B(0,1)). By the estimate of [76, Theorem 1.41] and

Lebesgue’s dominated convergence, we have

fly~a(te;)) — f(y”a?)d

X;(pz* f)(x) = lim pe(y) y
t—0 JB(0,¢) t

_ oe(y) lim fly~"a(te;) — fly~ 1a;)dy
B(0,¢) t—0 t

_/oa y) (X Ny ) dy = (p- * X, ) (x)

for any x € QF, due to the left invariance of X;. By the condition / pdx = 1, the uniform
B(0,1)

convergence follows from the continuity of both f and Vg f, along with the standard properties
of the convolution. The second point can be proved in a similar way, by differentiating the
mollifier p.. Here we only add that this differentiation is possible at every point of G, being
pe * [ defined on the whole group.

If fe L>*(Q)and p € Lip,(B(0,1)), then it is easy to notice that the mollification p. * f as
n is well posed and belongs to L>°(G). Hence, for each compact set K C G and any

x,y € K, we have
|/ (@) = ()] S/ [F(2)] |p=(z271) = pe(y2~1) | dz
== [ 1 | (buelw=™) = p (51e(527)
< fllze@ 2 (B(0,1)) L Cela — yl,

where V' = BR(x,e) U BR(y,e) C Q, L > 0 is the Lipschitz constant of p and C. > 0 is the
supremum of all Lipschitz constants L., of K 3 z + &;/-(zz"") as z varies in V. Due to this
fact, we have L. < 4o00. O

dz

The next density theorem follows from the choice of suitable mollified functions.

Theorem 1.2.15. If g € Lipy,.(Q2), then there exists a sequence (gi)r in C(2) with the
following properties

1. gr — g uniformly on compact subsets of );
2. IVugk|||L @) is bounded for each U € 2 and k sufficiently large;
3. Vugr = Vg p-a.e in €.

If g € Lipy (), then we can choose all gy to have compact support in 2.

Proof. We consider p € C2°(B(0, 1)) satisfying p > 0 and / pdy = 1. Then we define
B(0,1)

() = (pz, * / pe(zy~)g(y) dy
for a positive sequence ¢, converging to zero, where p.(r) = e %p(z/€). In this way, we have
gr € C*(Q2) and Proposition [1.2.14] implies the uniform convergence on compact subsets of .

For the subsequent claims, we may consider an open set U € €2 and take k sufficiently large
such that U &€ Qgc For every fixed x € U, formula (|1.2.12)) yields

ge(r) = /B 0. )pek(y)g(y’lx)dy,
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therefore the following equalities hold:

(o) =aute) = ([ o) Vgl b)) 1
~ (anta) = (o) = [ ) (Tt}

gly~'ah) — gly~'x) = (Vugly~'x),h)
=L pfk@)( ] )dy

(il

N——

for h sufficiently small. The difference quotient in the last integral is uniformly bounded with
respect to y and h, due to the Lipschitz continuity of g. The a.e. differentiability of g, by
Theorem [1.2.5] joined with Lebesgue’s dominated convergence show that

Vage(r) = /B o )psk(y)VHg(y‘lx)dy-
&k

The local Lipschitz continuity of g provides local boundedness for Vg, hence the previous
formula immediately establishes the second property. By a change of variables, we get

Vion(@) = Vagle) = [ pe(@27) (Vug(z) = Virg(e) dy.

From this, it follows that

1
IVagr(z) = Vag(z)| < [pllr=eq) 2 Jimie [Vug(2) = Vug(@)] dy,

and now we can conclude by Theorem Finally, if ¢ has compact support, it is clear that
also supp(p- * g) is compact in €, for € small enough. H

1.3 Basic notions of Geometric Measure Theory in strat-
ified groups

E]In this section we present some basic notions on BV functions and sets of finite perimeter in
stratified groups. In particular, some new smoothing arguments for BV functions are presented.
Additional results and references on these topics can be found for instance in [139).

We also introduce the important concept of horizontal vector field, that will be fundamental
in Chapter 4, in connection with Leibniz formulas and the Gauss—Green theorem in strati-
fied groups. To this purpose, we prove the well posedness of the pairings between essentially
bounded horizontal vector fields and weak horizontal gradients of BV functions (see Lemma
1.3.6)).

1.3.1 BYV functions and horizontal vector fields in stratified groups

Let 2 C G be an open set and denote by HS) the restriction of the horizontal subbundle HG
to the open set (2, whose horizontal fibers H,G are restricted to all points p € €.

Definition 1.3.1 (Horizontal vector fields). Any measurable section F' :  — HQ of HQ) is
called a measurable horizontal vector field in 2. We denote by |F| the measurable function
x — |F(z)|, where | - | denotes the fixed graded invariant Riemannian norm.

2This section is based on a joint work with Valentino Magnani [51].
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The LP-norm of a measurable horizontal vector field F' in 2 is defined as follows:

1/p
1 F|| Lo = (/ |F(x) d:v) if 1 <p < oo, (1.3.1)
Q
| F |l o) = €53 Sup |F(2)] if p = oo. (1.3.2)
Te

We say that a measurable horizontal vector field F is a p-summable horizontal field if |F| €
LP(2). For 1 < p < oo, we denote by LP(HSY) the space of p-summable horizontal fields
endowed with the norms defined either in (1.3.1) or (1.3.2). A measurable horizontal vector
field F' in Q is locally p-summable if for any open subset W & Q, we have F' € LP(HW). The
space of all such vector fields is denoted by L, .(HS2).

For k € N\ {0}, the linear space of all C* smooth sections of €2 is denoted by C*(HQ) and
its elements will be called horizontal vector fields of class C*. Considering the subclass of all
C* smooth horizontal vector fields with compact support in Q yields the space C*(H(). When
k = 0 the integer k is omitted and the corresponding space of vector fields will include those

with continuous coefficients.

It is easy to observe that, for all f € CL(Q), the horizontal gradient Vg f, given by (1.2.8),
automatically defines a continuous horizontal vector field in €.

Definition 1.3.2. We say that a function f : 2 — R is a function of bounded h-variation, or
simply a BV function, and write f € BVg(Q), if f € L'(Q) and

Dy f1(9) = sup{/ﬂfdivgzﬁdm .6 € CHHQ), || < 1} < 0. (1.3.3)

We denote by BV 10(£2) the space of functions in BV (U) for any open set U € €.

Remark 1.3.3. In the case G is commutative and equipped with the Euclidean metric, the
previous notion of BV function coincides with the classical one.

Due to the standard Riesz representation theorem, it is possible to show that when f €
BV () the total variation of its distributional horizontal grandient |Dp f| is a nonnegative
Radon measure on 2. In addition, there exists a |Dy f|-measurable horizontal vector field
or:Q— HQin Q such that |of(x)| = 1 for [Dy fl-a.e. x € Q, and

/Qfdivgbdx: —/Q<¢,af> d|Du f|, (1.3.4)

for all ¢ € C}(HS). In fact, these conditions are equivalent to the finiteness of ([1.3.3)).

Remark 1.3.4. Using Theorem [1.2.15(one can actually see that in ((1.3.4)) the horizontal vector
field ¢ can be taken with coefficients in Lipg .(€2).

The integration by parts formula (1.3.4)) allows us to think of Dy f as a kind of “measure
with values in HQ)”, even though the horizontal tangent spaces of H{2 may have different frames,
in principle.

Definition 1.3.5 (Measures in H2). Let v € M(2) be a measure and let a : Q@ — HS) be a
horizontal vector field such that |a| € L.(€2,v). We define the vector measure oy in HQ) as
the linear operator

CHR) 36— [ (6,0) dy = [ (6.d(ar),
bounded on C.(HU) for any open set U € {2 with respect to the L>®-topology.
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According to the previous definition, o¢| Dy f| is a vector measure on H<2, that will be also
denoted by Dy f. When a horizontal frame (X7,...,X,,) is fixed, we can represent oy by the
| Dy f|-measurable functions o, ..., 0} : © — R such that

m
op = Zach
=1

Thanks to this representation, Dy f can be naturally identified with the vector valued Radon
measure

(0, 0)|Dufl. (1.3.5)
For each 7 = 1,...,m, we define the scalar measures
Dx,f = o} Dufl, (1.3.6)

that represent the distributional derivatives of a BV function as Radon measures. In view of
the Radon-Nikodym theorem, we have the decomposition

Dyf=Dyf+Dyf

where D% f denotes the absolutely continuous part of Dy f with respect to the Haar measure
of the group and D3, f the singular part.

Any BV function is approximately differentiable a.e. and in addition the approximate dif-
ferential coincides a.e. with the vector density of D% f, see [17, Theorem 2.2]. As a result, we
are entitled to denote X;f € L*(Q2) as the unique measurable function such that

Dy f=X;fn. (1.3.7)

Thus, to a BV function f we can assign a unique horizontal vector field Vg f € L'(HQ) whose
components are defined in and by definition we have

Dyf = Vufp.

As a result, we have the decomposition of measures

Dpf=Vpufu+ Dyt (1.3.8)

In the previous formula, Vg f is uniquely defined, up to p-negligible sets, and it coincides a.e.
with the approximate differential of f, see Definition [1.2.3]

The vector measure Dy f in H() enjoys some standard properties of vector measures, as
those mentioned in Remark The mollification of Dy f is the vector field

po % Duf(a il( CATINES §< (D, )@ X,().  (13.9)

We state now a technical lemma concerning an extension of the Euclidean notion of pairing
introduced in Lemma [[.1.3l

Lemma 1.3.6. Let [' € L*(HQ), v € M(Q2) and a : Q@ — HQ be a y-measurable horizontal
section such that |a(z)| = 1 for v-a.e. x € Q. Let v := ay be the corresponding vector
measure in HSQ) and let p € C.(B(0,1)) be a nonnegative mollifier satisfying p(x) = p(z~') and
Jp0.1) pdx = 1. Then the measures (I, (p. * v)) p satisfy the estimate

LI (oo vl dw < | Fll ooy V() (1.3.10)
for e >0 and any weak™ limit point (F,v) € M(Q) satisfies |(F,v)| < || F| pev|.
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Proof. For any ¢ € C.(2), denoting by K C  its support, we have

[ o) (F@), (pe 0)(@)) do = [ 6(a) <F<x>, /K ey aly) duy) do
= [ . | 0@ (F (). aw) pelyr™) du i ()
:/Q p=* (0F))(y), a(y)) dy(y).

This implies that

 (pe xv) (@) da

< |lpe * (OF) || oo (| [(€2) < (D]l oo (| F || oo ) [V 1(22),

therefore the sequence (F, (p. * v)) p satisfies Let now (F, (pe, *v)) pu be a weakly
converging subsequence, whose limit we denote by (F 1/) Then, by definition of weak* limit,
for any ¢ € C.(€2) we obtain

Sd(Fv)| = lim | [ 6(F,(p. 1)) da| < i | Fllimiey [ [ollpe, 5] de
Q er—0
<1'Foo/ ) d:Foo/d,
<l Pl [ 10100 # vl) de = 1 Flliwqoy [ 1ol dv
since (p- * [v|)p — |v| by Remark [1.2.12] This concludes our proof. O

Remark 1.3.7. We stress the fact that the pairing measure (F,r) is not unique in general,
unless |v| < p. Indeed, in the absolutely continuous case, we can write v = Gpu, for some
G € L'(HQ) and we have p. * G — G in L'(HQ). Hence, it is clear that

(F(pes0)) i = (F,G) e in M(Q),
and so (F,v) = (F,G) n

We give now the definition of a weak notion of divergence for nonsmooth horizontal fields,
which we shall need in the sequel.

Definition 1.3.8 (Distributional divergence). The divergence of a measurable horizontal vector
field F € L (HQ) is defined as the following distribution

O®(Q) 3 ¢ s —/Q<F, Vo) d. (1.3.11)

We denote this distribution by divF. The same symbol will denote the measurable function
defining the distribution, whenever it exists.

Remark 1.3.9. Due to Theorem|1.2.15, we can extend ([1.3.11)) to test functions ¢ in Lipg .(€2).
The representation of left invariant vector fields (|1.2.5)) gives
:Z Z x] —+ Z (ZF}C%) Zfz Ti) (1312)
j=1 j=1 i=m+1

therefore we have an analytic expression for the components f; of F' and we may observe that
the distributional divergence (|1.3.11)) corresponds to the standard divergence

(divF)(¢) = — /Q (F,Vy¢) dz = — /Q (F, V) dz, (1.3.13)
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where V denotes the Euclidean gradient in the fixed graded coordinates.

Let us consider a horizontal vector field F' = 35, F; X of class O, namely F; € CH(Q)
for every j = 1,...,m. It is easy to notice that its distributional divergence coincides with its
pointwise divergence. Indeed, for ¢ € C!(Q) we have

—/Q<F,VH¢>0L’E=—/Q;Xj(ﬂdﬁ)Jr/Qqﬁ;Xj@dﬂ?Z/Q¢j§Xijd$-

The last equality follows by approximation, using Theorem [1.2.15] the divergence theorem for
C' smooth functions and the fact that divX; = 0. For this reason, in the sequel we will not
use a different notation to distinguish between the distributional divergence and the pointwise
divergence.

The following lemma will play an important role in the sequel. It tells us that a mollifier
that is only continuous turns a BV function into a C}, function.

Lemma 1.3.10. If f € BVi10c(Q), € > 0 is such that QX # 0, p € C.(B(0,1)) is nonnegative
such that p(z) = p(x™") and [y p =1, then p. x f € Cx(Q%) NC(G) and

Vilpe * f) = (pe * Dy f) on Q. (1.3.14)
Proof. Let ¢ € CLH{(HQR). In particular, this means ¢ € C}(HG), so that (1.2.20) implies
(pe * dive)(y) = div(pe * ¢)(y) (1.3.15)

for any y € G. Arguing similarly as in the proof of (1.2.18) and observing that (QF)%< c QF,
we get the following equalities, where the second one is a consequence of ([1.3.15)):

g (e D@ divo() dr = [ 7w) (oo = div)w)dy = [ Fo) div(pe = 6)(y) dy
(e * 9)(y), 04(y)) dIDu f(y)

. p(yz™") (¢(@), 04 (y)) dw d| Dy f|(y)

L Peay™) (0(@), 0 (y)) dIDu f|(y) de

(¢(), (pe * Dy f)(z)) dw.

—~

R
€

Rbs |
{Q\

72

I
|
53\5%\; {3\:}\
S

The standard density of C}(QF) in C.(QF), shows that p. x f € BVg1,.(QF) and proves the
following formula

Dy(pe* f) = (pe * Dy f)u on QF. (1.3.16)

By Remark [1.2.12] and Remark [L.2.13] it follows that both p. * f and p. * Dy f are continuous,

therefore p. * f € CH(QF) and formula (1.3.14) follows. O
Taking into account ((1.3.6)), formula ([1.3.14]) can be written in components as follows

X;(pe* f)(x) = (p-x Dx, f)(z) for every z € QF. (1.3.17)

Theorem 1.3.11. Let f € BVi1o.(2) be such that | Dy f|(2) < 400 and let p € C.(B(0,1))
with p >0, [y pde =1 and p(x) = p(x~"). Then p. * f € Cx(QAX) and we have

Vu(pex f) = Duf and |pe* Df| — |Dufl, (1.3.18)
Va(pex F)l i < (pe % [Duflyp on QF (1.3.19)

for every € > 0 such that QX # 0. Finally, the following estimate holds
Vi (pe x NI(Q%) < [Du fI(Q). (1.3.20)
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Proof. The C}; smoothness of p.* f and Vi (p* f) = p.* Dy f on QX follow from Lemmal[l.3.10]
As a result, by and taking into account we obtain the local weak® convergence
Xj(pe * f) = Dx, f for any j = 1,...,m. This proves the first convergence of (1.3.13).

To prove ([1.3.19)), we consider ¢ € C.(HQF), therefore

| (6@). Vulp. s (@) da

2e

=3 [ 2@X, (0 n )

-/ if”ﬁ « 6,)(y) dDx, £ (y)

- /Q ((p-* D) (v), 07) d|DHfl<y>!-

The second equality follows from ({1.3.17]) joined with (1.2.18)) and the last equality is a conse-
quence of ([1.3.6)). As a result, applying again ([1.2.18]), we get

L (0@), Vialpex £)(@) do| < [ (oo % 61)(w) dI D fI(v)

= [ _|o(@)| (p= * |Du f])(z) d.

R
QQe

(1.3.21)

By taking the supremum among all ¢ € C.(HU) with ||¢|| =@y < 1 and U C QF open set, we
are immediately lead to (|1.3.19)). From the first inequality of (|1.3.21]), we also get

< 0|l Lo @) | Dr f1(£2),

| (0(@), Viulpe (@) do

whenever ¢ € C.(HQX). This immediately proves (1.3.20)).
Finally, we are left to show the second local weak* convergence of ([1.3.18]). We fix an open
set U &€ () and notice that, by (1.2.17)), we have

pe ¥ |Dgfl = |Duf| in U (1.3.22)
In addition, by ([1.3.20)) and ((1.3.17) we know that
limsup [V (p = £)|(U) < lim sup | + Dy fI() < |Drfl(%),
e e—

hence there exists a weakly* converging sequence |Vg(pe, * f)|p with limit v in U. By virtue
of [11, Proposition 1.62] with (1.3.18)), we have |Dg f| < v in U. Therefore, taking nonnegative

test functions ¢ € C.(U) and using ([1.3.19)), we get
[0 Valpox Dlde < [ o (px |Duf) do

for ¢ > 0 sufficiently small, depending on U. Passing to the limit as ¢ — 0, due to (|1.3.22])
we get the opposite inequality v < |Dy f| in U, therefore establishing the second local weak*

convergence of (|1.3.18)). O

Remark 1.3.12. In the assumptions of Theorem [I.3.11] the first local weak* convergence of
(1.3.18) joined with the lower semicontinuity of the total variation with respect to the weak*
convergence of measures imply that

lim inf [V (o  )|(U) > | Dy fI(U)

for every open set U € Q. If in addition p € C}(B(0,1)), and then p. x f € C'(G) by
Proposition [1.2.14] the previous inequality immediately gives

lim inf [V (pe + £)[(Q) = [Du f($2).
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1.3.2 Sets of finite perimeter in stratified groups

Functions of bounded h-variation, introduced in the previous section, naturally yield sets of
finite h-perimeter as soon as we consider their characteristic functions.

Definition 1.3.13 (Sets of finite h-perimeter). A measurable set £ C G is of locally finite
h-perimeter in Q (or is a locally h-Caccioppoli set) if xg € BVii0c(€2). In this case, for any
open set U &€ (), we denote the h-perimeter of E in U by

P(E,U) := [Duxe|(U).

We say that F is a set of finite h-perimeter in Q if |Dyxg| is a finite Radon measure on €.
The measure theoretic unit interior h-normal of E in Q is the |Dyxg|-measurable horizontal
section vg := 0y,

We can define two relevant subsets of the topological boundary of a set of locally finite
h-perimter E: the reduced boundary %y E and the measure theoretic boundary 03 F.

Definition 1.3.14 (Reduced boundary). If E C G is a set of locally finite h-perimeter, we say
that x belongs to the reduced boundary if

1. |Duxe|(B(z,r)) > 0 for any r > 0;

2. there exists lim][ ved|DyXEl;
r—0 JB(z,r)

3. = 1.

r—0

B(z,r)

The reduced boundary is denoted by #gFE.

Definition 1.3.15 (Measure theoretic boundary). Given a measurable set F C G, we say that
x € 05 E, if the following two conditions hold:

p(B(z,r) N E) p(B(x,r) \ E)

lim sup >0 and limsup > 0.
r—0 rQ r—0 re
The Lebesgue differentiation of Theorem immediately shows that
w(0yE) = 0. (1.3.23)

However, a deeper differentiability result shows that indeed 0} E is o-finite with respect to the
h-perimeter measure. Indeed, a general result on the integral representation of the perimeter
measure holds in doubling metric measure spaces which admit a Poincaré inequality [2].

The following result restates [1, Theorem 4.2] in the special case of stratified groups, that
are special instances of Ahlfors regular metric spaces equipped with a Poincaré inequality.

Theorem 1.3.16. Given a set of finite h-perimeter E in G, there exists v € (0,1) such that
the measure P(E, -) is concentrated on the set ¥, C 0 E defined as

W(ENBe,r)) u(B(r,r)\ E)
{ W(B@.) | p(B.r) }Z”}'

Moreover, /9 Y0 E\X,) =0, L9705 E) < oo and there exists a > 0, independent of E,
and a Borel function 0 : G — [a, +00) such that

Xy = {x : lim sup min

r—0

P(E, B) :/ Oy d.79! (1.3.24)

BN E
for any Borel set B C G. Finally, the perimeter measure is asymptotically doubling, i.e., for

P(E, B(x,2
P(E,-)-a.e. x € G we have liI?jélp P((E:, B((:I;a :))))
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Lemma 1.3.17. If E C G is a set of locally finite h-perimeter, then
FyE C O4E and A9V OLE\ FyE)=0. (1.3.25)

Proof. The lower estimates of [80] joined with the invariance of reduced boundary and perimeter
measure when passing to the complement of £ immediately give the inclusion of . By
Theorem the perimeter measure P(E,-) = |Dxgl|(-) is a.e. asymptotically doubling,
therefore the following differentiation property holds:

lim ved|Dyxg| = ve(x) for |Dyxgl-ae. x,
r—=0 JB(z,r)

according to |72, Sections 2.8.17 and 2.9.6]. This implies that |Dgxg|-a.e. x belongs to FyF;
that is, [Dpxe|(G\ FxE) = 0. Moreover, yields |Dgxg|(B) > a9 Y (B N 0yE)
on Borel sets B C G. This inequality also extends to |Dyyg|-measurable sets, hence taking
B = G\ ZyE, we obtain /9 Y05E \ FyE) = 0. Since 91 and .#97! have the same
negligible sets, the equality of follows. O

Remark 1.3.18. The previous lemma joined with (1.2.7]) and (1.3.23) shows that

1(FuE) = 0. (1.3.26)

In addition, ([1.3.24]) and ([1.3.25)) imply that, for any Borel set B, |Dyxg|(B) = 0 if and only if
S YBN.ZyE) = 0; that is, the measures | Dy xg| and #9711 .Fy E have the same negligible
sets. In particular, |Dyxg| > a9 'L ZyE.

1.3.3 Precise representatives and mollifications

As in the Euclidean setting, we can introduce the notion of precise representative of a locally
summable function in a stratified group. However, due to the noncommutativity of the group,
our choice of mollifying functions by putting the mollifier on the left, requires us to consider
averages on balls associated to a right invariant distance. Therefore, it does not seem straight-
forward to recover in stratified groups a result on the existence .9 '-a.e. of the pointwise
limit of mollifications of BV functions in the spirit of Theorem Nevertheless, we can
still ensure a convergence result on a suitable family of points.

Definition 1.3.19 (Precise representative). Assume u € Ll _(G). Then

lim ][ u(y)dy if the limit exists
u™™(z) == r0 JBR(a,r) )
0 otherwise

(1.3.27)

is the precise representative of u on the balls with respect to the right invariant distance. We
denote by C* the set of points such that the limit in (1.3.27)) exists.

It is clear that, by Theorem [1.2.1} all Lebesgue points of u belong to C*. Given a measurable
set £/ C €, one can consider its points with density a € [0, 1] with respect to the right invariant

distance »
Ea,R —{dre G - lim M(E NnB (ZL’,T’)) .
' =0 u(BR(z, 7)) ’

and hence define
ORE = Q\ (EYR U EOR). (1.3.28)
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Then, if we set C’Z}E = CE, we clearly have

k= U E“F
a€0,1]
and
5K =xmr in Q\OGCE. (1.3.29)

We state now a simple result which relates the pointwise limit of the mollification of a

function f € Ll _(G) and the precise representative of f on right invariant balls.

Proposition 1.3.20. Let n € Lip([0,1]) withn > 0 and n(1) =0, and p(x) = n(d(x,0)) for all
x € G such that g p(z)de =1. If f € L, (Q) and x € CF, then we have

(pe x f)(x) = f*R(x) as e—0.

Proof. Let 2 € CF and € > 0 be sufficiently small, so that B®(z,e) C Q. We assume first that
n is strictly decreasing. By Cavalieri’s formula, we have

(ex D)= [ & 0By ™) () dy

“+o0o
-] Fy)e 9 dyr
0 JyeB(.e): p6) /e (ey=1)>1}
T ¢l ,/r\ 1
() L0 Lo o

(r=se) = / B(0,1)) Q][ ) y) dy ds.

The last equalities have been obtained from the standard area formula for one-dimensional
Lipschitz functions. Now, we use the existence of the limit of the averages of f on the balls
B®(z,se). This also implies that these averages are uniformly bounded with respect to &
sufficiently small. Thus, by Lebesgue’s dominated convergence we obtain

(02 % 1)) > ~p(BO) @) [ o/ (5)52ds

We observe that the constant C, o = —u(B(0,1)) [; /(s)s? ds is independent from f. In
addition, if we take f = 1, we clearly have (p. * f) =1 on Q. Thus, we can conlude that

1
~u(BO,1) [ of(s)s%ds = 1,
0
and the statement follows. We use now the well known fact that any Lipschitz continuous
function in one variable can be written as the difference of two strictly decreasing functions to

write n = my — 12, with n; € Lip([0, 1]), strictly decreasing and satisfying 7;(1) = n2(1). We can
now repeat the above argument and so we obtain

(e 1)) = =l BO D)) [ (0 5) = h(5))s s
= P @pBO.D) [ 0(s)5ds = ),

for any x € C’}z. m
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Remark 1.3.21. We point out that the previous result also holds in the Euclidean case,
corresponding to a commutative group G. It is then easy to see that the hypothesis that p is
radially symmetric cannot be removed. Indeed, we may consider f = yg, where E = (0, 1)?
and G = R?, with 2 = 0. Clearly, \53*(0) = 1/4. If we choose

p € CX(B(0,1)N(=1,0)%), p>0, with /( )p(y) dy =1,
B(0,1

then we have

x 0:/ —d:/ d:/ dy — 1.
(pexxm)O) = [ ey = [ e P e PO

for any ¢ € (0, 1].
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Chapter 2

New contributions to the classical
theory of sets of finite perimeter

2.1 Introduction

In this chapter we describe some new results in the theory of sets of finite perimeter in the
Euclidean and stratified groups frameworks. We start in Section by considering a recent
characterization of the Euclidean perimeter through a family of functionals related to BM O-
type seminorms. This alternative approach provides a way to define sets of finite perimeter
without employing the theory of distributions, as done classically. We investigate an anisotropic
version ot these functionals and prove a convergence result to a certain surface measure, related
to the perimeter. In Section we describe a way to improve the standard result on the
approximation of sets of finite perimeter by smooth sets in R": in particular, we construct two
sequences of open sets with smooth boundaries approximating a given set of finite perimeter
from the interior and from the exterior in a suitable measure theoretic sense. Finally, Section
is devoted to the study of weak* limit of mollifications of characteristic functions of sets with
finite h-perimeter in stratified groups. It is relevant to notice that we determine the limit even
in the absence of any rectifiability result analogous to De Giorgi’s theorem (Theorem [I.1.10)).

2.2 Anisotropic surface measures as limits of volume
fractions

E] The literature on approximation of Sobolev and BV norms, and on the characterizations
of the corresponding spaces in terms of these approximations, is by now very wide, see in
particular [29] for the case of Sobolev spaces, [129] and the more recent papers [32,33] which
deal with non-local approximations, in the sense of I'-convergence of (a multiple of) the total
variation norm, with intriguing connection to problems considered in image processing. Still in
connection with non-local functionals, it is worth to mention the paper [38] which gave origin
to the theory of nonlocal minimal surfaces.

Somehow in the same vein, motivated by [30], Ambrosio, Bourgain, Brezis and Figalli re-
cently studied in |4] and [5] a new characterization of the perimeter of a set in R” by considering
the following functionals originating from a BMO-type seminorm

() =<tswp 3o 1)~ f e, (22.)

Ge Q'eg.

IThis section is based on a joint work with Luigi Ambrosio [6], and on [50].
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where G, is any disjoint collection of e-cubes )" with arbitrary orientation and cardinality not
exceeding e,

In particular, they studied the case f = x4; that is, the characteristic function of a measurable
set A, and proved that

lim L () = ;min{l, P(A)}. (2.2.2)

This theme has been further investigated in [84], for BV functions, see also [85] for a variant
of this construction leading to Sobolev norms and spaces.

In this section we study more in detail the structure of the optimization problem in ([2.2.1]).
We remove the upper bound on cardinality that seems to be very special of the case of cubes,
at least if one is willing to get a precise formula as and not only upper and lower bounds
on l.. With this simplification, we prove that the existence of the limit and the emergence of
a surface measure are general phenomena. In particular we prove that, for some dimensional
constant £ = £(n), one has

lim HP (x.) = €P(A), (2:23)

where HP is defined as (2.2.1]), without the bound on cardinality and using disjoint e-balls.
More generally, if C' is a bounded connected open set containing the origin with Lipschitz
boundary and if we define

HE(A) ==&t sup > ’XA ][ Xaldx, (2.2.4)
He %
C GHE

where H. is any disjoint family of translations C” of the set eC' with no bounds on cardinality,
we are able to prove the following result.
Theorem 2.2.1. There exists p© : S*™1 — (0, +00), bounded and lower semicontinuous, such
that, for any set of finite perimeter A, one has

lim HE(A) = /gA 0% (va(z)) dot™ (), (2.2.5)

e—0

where F A and vy are respectively the reduced boundary of A and the measure theoretic unit
interior normal to F A. Moreover, if A is measurable and P(A) = oo, one has

lim HY(A) = 4-o0. (2.2.6)

e—0

The right hand side of (2.2.5)) can be seen as an anisotropic version of the perimeter, P,(A).
This result, while shows that the particular geometry of the covering sets is not essential, raises
indeed some open questions. The most important is maybe the following one:

IM¢(|Q if p#0

Is the function ¢ (p) := convex?
0 ifp=20

This question is natural, in view of the fact that the anisotropic perimeter

A— ©(va) W
FA

is lower semicontinuous w.r.t. the convergence in measure if and only if ¢ is the restriction to
the unit sphere of a positively 1-homogeneous and convex function. The problem is nontrivial
since we were able to prove that, if C' is the unit square (0,1)? in R?, then ¢“ is not convex,
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as it is shown in Section 2.2.5] In particular, the convexity of C' is not a sufficient condition to
obtain ¢ convex.

Finally, we wish to mention that in the recent paper [70] a new version of Theorem for
SBV fuctions has been proved, under some additional regularity assumptions on the covering
set C.

The section is organized as follows: in Section we define suitable localized versions
H.(A, Q) of our functionals and we provide the proof of , by a simple comparison argu-
ment based on the results of [5]. Then, in Section we consider a set A of finite perimeter in
Q) and study the properties of the functionals H.(A,-) and Hy(A,); the latter arise by taking
the lim sup and the liminf w.r.t. the scale parameter €. Thanks to symmetry and superadditiv-
ity arguments, in Section [2.2.3| we show that H, = H_ when both are evaluated in halfspaces
S, and in cubical domains (), with faces parallel or orthogonal to the normal to the halfspace.
Eventually, in Section [2.2.4] we use covering theorems as well as the fine properties of sets of
finite perimeter to extend the result to general sets of finite perimeter and general domains.
We conclude with Section [2.2.5], where we discuss examples and variants of our result.

2.2.1 Convergence in the case P(A) =

In this section we introduce some useful tools and we show that follows easily from the
results of [5] and comparison arguments.

In order to prove Theorem [2.2.1], we define a localized version of H.: for any measurable
set A and any open set () we set

HE(A, Q) :=c"""sup > |XA ][/XA‘CZ{L’, (2.2.7)
He crem. ¢

where the supremum runs among all disjoint families H. made with translations of the set eC

in €2. Since

|IC" N A||C"\ A
- 7[ = 7[ - dxdy = 2 2.2.
-, xa(@) = xalde  Io, Xa(@) = xa(y)| dedy o ; (2.2.8)

we have the following equivalent definition

"N AJ|C"\ A
P

HE(A,Q):=e""sup Y 2
He cren.

(2.2.9)

which we are going to use mostly.
It is not difficult to compare HE to HP when D C C and D is an open set containing the
originﬂ. Indeed, it is clear that that for any measurable set A one has

[DNAJIDNA] _ [CF [CAAJCN Al
| DJ? o e

(2.2.10)

and that the same holds for any translated and dilated copies of C' and D. Now, for any disjoint
family H. p of translations of eD we can find a family H. ¢ of translations of eC' such that
for any D; € H. p there exists C; € H. with D; C C;. Even though the family H. ¢ is not
disjoint in general, it is easily seen, using the inclusions

B(zj, ) C D; C C; C B(zj,¢) for some z; € R"

(where A > 0 satisfies B(0,\) C D), that it has bounded overlap. More precisely, there exists
6 = 0(n,\) > 0 such that for any fixed j we have #{k : B(zy,e) N B(z;,e) # 0} < 0 and so

2Without loss of generality, we can always assume 0 € D C C.
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the same property holds if we replace the balls by the corresponding sets C;. Therefore, the
family H.  can be seen as the union of at most ¢ disjoint subfamilies H. ¢ ;. This argument
yields

_ D'NA||D"\ A| IC|? & |IC" N A||C"\ A| |C|?
n—1 2’ n—1 2 HC A 9]
€ Z ID'[? |D[2 Z Z C7]2 |D[29 ( );

D'eH. p =1 C'eH.c.

and, taking the supremum over the families H. p, we obtain

]
| DJ?

T

HP(A,Q) < Dp

——0HC(A,Q),  HP(A Q) < —-0HS(A Q). (2.2.11)

In addition, we notice that, for any rotation R we have HF)(R(A), R(Q)) = HY(A,Q) and
HL ) (R(A), R() = HE(A,9).
Since in the following the set C will be mostly fixed, we drop the superscript C from HE, HY.

We pass now to the proof of ([2.2.6).

Proof of (2.2.6). Let

"MAIIQ"\ A
l(xa,Q) = " sup Z 2|Q |,|§ \ |7
Fe QleF. |Q‘

where F. denotes a collection of disjoint open cubes Q' C 2 with side length ¢ and arbitrary
orientation. In [5] it was shown that, for any Borel set A, one has

. w1
lim 1. (x4, R") = SP(A). (2.2.12)

For later purposes, we recall also a local version of (2.2.12)) which is proved in [5] in order to
get the global version, namely

lim iélf l-(xa, Q) > —P(A Q) for any open set 2 C R". (2.2.13)
E—

[\]

Arguing as in the proof of , we observe that for any cube @' with arbitrary orientation
and side length 2¢//n, we can find an open e-ball B’ O @'. Hence, for any collection Fy./ /m
of disjoint cubes Q" with arbitrary orientation and side length 2¢/y/n, we find a family G. g of
e-balls with bounded overlap; that is, there exists ,, > 0 such that for any fixed B’ € G, p we
have #{B" € G.p : B"N B # 0} <6,.

Then, if we denote by HP the functional where we take a covering with e-balls, we get

471
OnHD (A, Q) 2 —— ey /x4, Q) (2.2.14)

n

If P(A) = 400, inequalities (2.2.12)) and ([2.2.14]) clearly give

n

liminf HZ(A) > lim inf
e—0

m i nanQ | (XA) “+00.

The case of a general open bounded connected set with Lipschitz boundary C' containing
the origin follows immediately by (2.2.11]), since C' D> B(0, A) for some A = A(C') > 0. O
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2.2.2 First properties of H.

We start by stressing the fact that we require C' to be an open bounded connected set with
Lipschitz boundary in order to employ the relative isoperimetric inequality (Theorem [1.1.6)) to
obtain a bound for the volume fraction. Indeed, thanks to (|1.1.5)), we know that there exists a
constant v = (C') such that

ICNE|C\E
7

<AP(E,C), (2.2.15)

for any measurable set E. By scaling, it follows that if C' = eC we have

|C" N E||C"\ B
1egk

<e'TMP(E,C),

for any measurable set E.
We notice that it is convenient to define the following set functions

HE(A,Q) :=limsup HE (A, Q), (2.2.16)
e—0
HE(A,Q) := lim inf HE (A4, ). (2.2.17)

Clearly, we have H(A,Q) < HY(A,Q). In order to show the existence of the limit in
the case of a set of finite perimeter A, we need to prove the converse inequality H_(A, Q) >
H, (A Q).

The following scaling properties will be useful:

HX(A,Q)=MN"T"HS(A,Q),  H}A Q) =X"T"HS(A Q). (2.2.18)

In the sequel, we also often assume with no loss of generality that diagn(C ) = 1. Indeed, if we
set C':= C/diam(C), then (2.2.18)) with A = diam(C'), so that C' = AC, implies

HE(A, Q) = diam(C) ™ H e (A, Q). HE(A,Q) = diam(C) " HE(A, Q).

We show now some elementary properties of the functionals H. and H., omitting the proof
of the simplest ones and assuming the normalization diam(C) = 1.

1. Translation invariance: for any 7 € R™, we have H. (A + 7,Q + 7) = H.(A,Q); taking
limits, one has also Hy(A+7,Q+7) = H. (A, Q);

2. Monotonicity: H.(A,-) and Hi(A,-) are increasing set functions on the class of open sets
in R";

3. Homogeneity: for any ¢ > 0, Hy(tA,tQ) = t" 1 H.(A, Q). Indeed, tC’ C Q) if and only if

C' C Q, and
(tC' NtA|tC" \tA]  |C" N AJ|C"\ Al
tC"|? - C? '
It follows immediately that
Ho(tAtQ) = t" TH. (A, Q). (2.2.19)

4. Superadditivity of H_: it is easy to see that
H. (A, QUQy) = H (A, Q) + H (A, $y) (2.2.20)

whenever Q; N Qy = 0. From (2.2.20) we get
H (A, QUQy) > H (AQ)+ H_(A, Q). (2.2.21)
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5. Almost subadditivity of H,:
H.(A,QUQ) < H(A, I.(Q)) + Ho(A, I.(Q2)), (2.2.22)

for any open set €q,Qs, where [;,(Q) := {z € R™ : dist(z,Q) < t}. Indeed, if C" C
Q1 U )y, then it must be contained in the e-neighborhood of one of the two open sets,
since diam(C") = ediam(C') = e. From (2.2.22)) we get

Ho(A,Q UQ) < Ho(AW)) + Ho (A, W), (2.2.23)

for any open sets W; D I5(€2;), i = 1, 2, for some ¢ > 0.

6. Upper bound for H,: using (2.2.15)), we see that
H.(A, Q) < 29P(A,Q)

and so

Ho(A,Q) < 29P(4, Q). (2.2.24)

2.2.3 Lower and upper densities of H,
We set

()0+<V) = H+(SV7 Qu)7
p-(v) == H_(5,,Qy),

where v € S"™1, S, :={z € R": z-v >0} and Q, an open unit cube centered in the origin
having one face orthogonal to v and bisected by the hyperplane 95,. Due to the translation
invariance, this definition does not actually depend on the choice of the origin, since we could
take any hyperplane {(z — x¢) - ¥ > 0} and cubes centered in z.

While in R? there exists only one unit cube centered in origin, bisected by the hyperplane
0S,, and with one face orthogonal to v € S', if instead n > 3, given any such cube Q,, R(Q,)
satisfies the same conditions for any rotation R such that Rv = v. Therefore, in R", for n > 2,
there are n — 2 degrees of freedom in the choice of @,, as noticed in [70]. Hence, if n > 3, a
priori ¢, (v) and ¢_(v) depend also on the choice of the unit cube @,. However, as showed
in Lemma [2.2.3] below, such dependence is illusory, and so, with a little abuse of notation, we
may omit to indicate it.

It is obvious that ¢_(r) < @i (v). We collect in the next proposition a few elementary
properties of ¢ (more refined estimates in some special cases will be given in Section
and then we prove that these two functions coincide.

Proposition 2.2.2. We have the following upper and lower bounds for p4:

1. o < 27, where 7y is the same constant in (2.2.24));

2n—1

2. o_ > )\”Hm, where A = A\(C) :=sup{r > 0: B(0,r) C C}, § = 60(n,\) and 6,
are defined in the proofs of and , respectively.

In addition, o_ = @, and @_ is lower semicontinuous.

Proof. The inequality ¢, < 27 is easy, since by ([2.2.15) we have
H+(SV7 Qv) S ZVP(SZM Qy)
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and P(S,,Q,) = 1, by the definition of S, and @, .
As for the lower bound on ¢_(v), it can be obtained as follows: first we take r > 0 such that
B(0,7) C C, then we apply (2.2.11)), (2.2.18) and eventually (2.2.14) to get

B(0,r)|? .

bl ,2‘29)’ HZ7(S8,,Q0)
_a1B0,r 2
! ||(C,P9)|H§(SV,QV)

i lBE A S Q)= T 5,.0))
=T |C|29nnw29n 2eX/v/n\Pvy Wv) =T |C|297’Ln9n 2eX/v/n\Pv, v )-

o(S,.Q,) >

Now we let ¢ — 0, using (2.2.13) with A =5, and 2 = @),, and finally we take the supremum
over r > 0 such that B(0,r) C C.
Finally, homogeneity implies that

p-(v) = H.(S,.Q) = lmipf " Hi(SL. (1/9)Q.),

since (1/¢)S, =S, for any € > 0.

We observe that (1/¢)Q, contains the union of at least |(t/¢)]" " open disjoint cubes of side
length 1/t, for any t > e, which are translations of (1/t)Q, centered in points of 95,. Clearly,
H.(S,,z+Q,) = H.(S,,Q,) for any z € 0S,. Hence, the monotonicity in the second argument,
the additivity of H. and the homogeneity imply

o) 2 limipt = (1/2))" 7 Hu(S, (100Q1) = 1 Hi o (1050, (/1))
- Ht(Sua Qu)a

which implies p_(v) > sup,.o H:(S,, Qv).
On the other hand, it is clear that

e—0 e=00<s<e >0

from which we deduce that ¢_(v) = ¢, (v) = sup,so Hi (S, Q.).

As a byproduct, we also obtain that ¢_ is lower semicontinuous in v, being the supremum with
respect to the parameter ¢ of the supremum over the families H; of translations of ¢tC' of the
quantities

pt 3 S OSICNS)
C'eHy ‘C‘

which are continuous functions of v.

[]

We define ¢(v) := lim._,o H.(S,,Q,), since Proposition [2.2.2] showed the existence of the
limit, and we proceed to prove that it does not depend on the choice of (), in the family of unit
cubes centered in the origin, bisected by 05, with one face orthogonal to v, even in the case
n > 3.

Lemma 2.2.3. Let v € S" !, and Q,,Q’, be two cubes centered in the origin, bisected by 0S5,
and with one face orthogonal to v. Then, we have

H—(SV7 QV) = H—i—(SVa Qu) == H—i—(SI/a Q;) = H_<S,/,Q,//)
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Proof. Clearly,

for any ¢ > 0, and we notice that
H.(S,,Q,\ I5(0S,)) =0
for any €, > 0, since, if C' C Q!,\ I5(9S,), then

€' N S,||C"\ S, = 0.

By ([2.2.20)), we have
Hs(Suu QZ/) = Hs(Slfa ]6(8511) N Q:/)

for any 0 > 0, which implies

Let now r € (0,1). We can cover (95,) N Q;, with a disjoint family {P;,}r, of translations of
(0S,) NrQ, up to a closed set I, such that " 1(T,) — 0 as r — 0. Clearly, m,r"! <1. If
we associate to each P;, the translation of r(), which generates it, we obtain a family of cubes

1Qjr}iy, Qjr = x5+ 1Q, for some z; € (05,) N Q;,), such that

L0S)NQ, =, uU,

Jj=1

for some open set U, satisfying "~ 1((U, N dS,)AT’,) = 0. Thanks to ([2.2.25)), (2.2.23)), the
translation invariance, (2.2.19) and ([2.2.24)), for any 7,6 > 0 we have

Ho (50, QL) = Ho (S, 1, (05,) N QL) < 32 Hy(Syr; + (14 8)rQu) + Ho (S, Ii(U;)

J=1
<m,(1+8)" " H(S,,Q,) + 2vP(S,, I5(U,))
< (148" TH(S,,Q,) + 2y (I5(T,) N DS,).

Hence, if we send § — 0, we obtain
H+(SV, Q;) < H-l—(Sua QV) + 2’7¢%ﬂn_1(rr)7

from which we immediately get H,(S,,Q.,) < H,(S,,Q,), since r > 0 is arbitrary. Exchanging
now the role of @), and @), we obtain the reverse inequality and we conclude that

H+(5Va Qly) = H—i—(Sw Ql/)

Finally, Propositon (2.2.2)) implies that H_(S,,Q) = H.(S,,Q) for Q € {Q,,Q.,}, and this
ends the proof. O

We wish now to prove that the upper and lower densities of H. coincide with ¢. To this
purpose, we need a modulus of continuity for £ — H_(F,(2) similar to the one shown in
[5, Lemma 3.6]. We recall that for any F, F' sets of finite perimeter in {2 we have

AN (EAF)NQ) = 2" ((0FEAD*F) N ), (2.2.26)

see for instance [5, Section 2].
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Lemma 2.2.4. For any E, I sets of finite perimeter in Q0 and any € > 0 we have

H.(F,Q) < HAE,Q) + 4y A" ' ((FEAFF)N Q). (2.2.27)
In particular one has

Hi(F,Q) < Hi(E, Q)+ 4y ' ((FEAFZF)NQ). (2.2.28)

Proof. For any C” and any measurable set L C C” we have the relative isoperimetric inequality
(2.2.15)) and, combining it with the inequality min{¢,1 — ¢t} < 2¢(1 — ¢) for any ¢ € [0, 1], we
obtain also

min{|L|,|C"\ L|} < 27|C|eP(L,C"). (2.2.29)

Let now H. be a disjoint family of translations of eC' in ).
For any C’" € H., we have

][, - IXF(2) — xr(y Idxdy<][ ][ IXEe(z (y)| dw dy + é' |0 N (FAE)|. (2.2.30)
Tndeed,
f, : e (2) = x5 (@) = xp () + Xp(y)| do dy
10/12(2’0/ (F\B)[C" N (EN\ F)[+[C"\ (FAE)||C"N (FAE)])
|02,|2(2!C’ (F\EC"N(E\F)|+[CIC" N (FAE)| = (IC" N (E\ F)| +[C" N (F\ E)])*)
|é| eC" N (FAE)|.

Since xpe(r) — xp(y) = xe(y) — xe(x), then we have also
2
L e = xeldedy < £ f o) = xeto)ldedy + 5 GF IO N (FAE). 2231

It is clear that FAE = Q\ (FAE®), hence we can apply (2.2.29) to L = C' N (FAE).
Therefore, by (2.2.8]), we obtain

"12][|XF ][xF|dx<H(EQ +4y Y P(FAE.C").
C'eHe C'eHe

Since Y ey, P(FAE,C') < P(FAE,Q) = " Y((FEAFF)NQ) by ([2.2.20), we can pass
to the supremum at the left hand side and we get (2.2.27)). O

Let now x € 9S,. If we denote by @, (x,r) the cube of side length r centered in x € R™ and
with one face orthogonal to v, by homogeneity we have

lim H:E(Sm Qu(xv T))

r—0 -1

= Ho (S, Qulx, 1)) = o). (2.2.32)

Theorem 2.2.5. Let E be a set of finite perimeter and vg be its measure theoretic unit interior
normal. Then, for " *-a.e. x € FE, we have

H_(FE

70 P(E,Quu)(z,7)) > p(vp()). (2.2.33)
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Proof. By our previous remarks, the result holds if £ is the half-space {y : (y—x)-vg(z) > 0}.

Indeed, P(E, Q) (z,7)) = "1, so that (2.2.32)) implies (2.2.33).

If F is a set of finite perimeter, for any x € .# E there exists the measure theoretic unit

interior normal vg(z) and the approximate tangent space to the measure |Dxg| is v (z), namely
(1.1.10) holds. This implies that

limn a 1(</ETQ ?VWW 7)) _ AN (Vg () N Qupay (2, 1)) = 1.

Therefore, since P(E,-) = #" 'L ZE, by (1.1.9)), we deduce that, for all z € .ZE one has
P(E, Quy)(z,7) =1r""" +o(r""). (2.2.34)

If F is the subgraph of a C! function in a neighborhood of z, then (F — x)/p is bi-Lipschitz
equivalent to the half-space S, () in Qu,(2)(0, 1), with bi-Lipschitz constants converging to 1 as
p — 0. Hence, we can use a C'! deformation map ® with bi-Lipschitz constant close to 1 near
to x to transform any disjoint family C! admissible for F' into a disjoint family D; = ®(C});
we can then find C! C D; C C!" translated and scaled copies of C! whose diameters satisfy
diam(C})/diam(C;) ~ 1, diam(C!")/diam(C;) ~ 1. Summing up, for » > 0 small enough there
exists a nonnegative modulus of continuity w(r) satisfying

(1= w(r)IC" N Syp@| < |C"NF] < (14 w(r)|C" N Sy, @)]

for 0 < p < r and any translated copy C’ of pC' contained in @, (z)(x,r). We can choose the
modulus of continuity in such a way that similar inequalities hold with the roles of " and S, (»)
reversed. Hence, we have

COPICN (el OS] O\ S .
" C'nFlior £ 21O 0 Sl S
|C,|2 > (1 —w(r)) 2 . (2.2.36)
In particular, ) and ([2.2.32) imply
H;anw@wam>zqu@»WH*+mWPU. (2.2.37)

Now, in order to obtain (2.2.37)) also for E, we are going to use the rectifiability of .# FE

(Theorem [1.1.10[ and Remark |1.1.11]) and apply Lemma to E and to the subgraph of one
of the C' hypersurfaces T'; whose union covers " !-almost all of .Z E and such that vg|r,

i iIlteriOI IlOlmal Of the Slll)gl a[)h ()f I 7 IIldeed, we fl)( Z a.Ild Obsel O1 % -a.e.
X i ‘g‘E one haS ve II at f mn
"/2 ((I ZA(QE) B(l‘,?)) = O(rn 1)7

arguing as in the proof of |5, Lemma 3.7] and using the density properties of the Hausdorff
measure (see [11, Theorem 2.56, Eq. (2.41)]). It follows easily that we have also

A" (TAFE) N Qupwy(w,7) = o(r™ ™)

for " tae xel;NFE. Now we use (2.2.28) choosing Q = Q) (x,7) and F to be the
subgraph of T'; inside @, (x,7), obtaining

H(F, Qupo (7)) < H_(E, Quyia)(@,)) + 49A" N(LAF E) N Qi (2,7)).

Since T; is a C'! hypersurface, we have (2.2.37) for F, with vp(x) = vg(z). Since i is arbitrary
this implies (2.2.37) for s#" l-a.e. x € FE.
Combining (2.2.34)) and (|2.2.37]), we get the desired resut. O]
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Theorem 2.2.6. For any Borel set B C #FE andt > 0, we have that

H_(E
lim inf 2= Qe (@) (2.2.38)
r—0 P<E7QVE(x)<x7T))

for all x € B implies H_(E,U) >t 1(B) for any open set U D B.

Proof. Without loss of generality, let U D B be a bounded open set, since " 'L B is in-
ner regular. For a given 0 € (0,1), we consider the family F of all the closed cubes inside
U centered in the points x € B with one face oriented as vg(x), such that, if we denote
their interior by Q,,@)(x,7), we have H_(E,Quu@)(z,7)) > t(1 — 6)P(E, Quyw(x,7)) and
|DXE|<8QVE(:B) (‘7:7 T’)) = 0.

In this way, since this family covers B finely, we can apply the version of Vitali theorem
for cubes (see [128, Theorem 5.13]) and find a disjoint countable subfamily {@;} which covers
" 1-almost all of B. It is also clear that P(E,Q;) = P(FE,Q;), hence we can use an open
covering. Therefore, the superadditivity of H_(FE,-) implies

(A B) S IP(E,JQ) =t 3 P(E.Q) < (1 =) L H-(E,Q)

<(1-0)H(B,UQ) < (1—-0) ' H.(EU).

Letting 6 — 0, we prove the theorem. n
We can now extend the result of Theorem to H,(F,-) using similar techniques.

Theorem 2.2.7. Let E be a set of finite perimeter and vg be its measure theoretic unit interior
normal. Then, for ™" ‘-a.e. x € FE, we have

. H+(E,Q,, (x)($7r))
lim sup L
r—0 P(Eu QVE(m) ($, T))

Proof. In the beginning of the proof of Theorem we showed that P(E,Q, @) (z,7)) =
r"=1 4 o(r"1) for all z € FE.

By (2.2.32)), (2.2.39) holds if F is a half space S,. Then we need to use estimate in order
to prove the inequality in the case that F is a subgraph of a C! function in a neighborhood of
x.

Finally, we switch the roles of F' and F in ([2.2.28]) and we repeat the steps of the last part of
the proof of Theorem to obtain

< p(ve(z)). (2.2.39)

H (B, Qup)(,7)) < @vp(x))r" ™" +o(r"™)

for /" tae z€ FE.
Combining these results, we obtain (2.2.39)). m

In order to prove the upper estimate for H,, we need to consider the inner regularization
of the nondecreasing set functions H, (F,-) defined on the open sets of R™.

Definition 2.2.8. Let A be the family of open sets in R™ and let a : A — [0,4+00] be a
nondecreasing set function. The inner regular envelope of « is the function o* : A — R defined
by

a*(A) :==sup{a(A’): A" € A}
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It is not hard to show (see for instance [60]) that o* is the largest inner regular function
smaller than « (namely a*(A) = sup{a*(A’) : A" € A}). Recall also that any inner regular
and subadditive function « is o-subadditive, namely

alA) <D a(A) whenever A C | A;.

i=0 1=0
The proof of this statement can be adapted also to the case when « is weakly subadditive as
our set function H,, this leads to the following result.

Proposition 2.2.9. H(FE, ) is o-subadditive and
H*(E,Q) < 27P(E, Q). (2.2.40)

Proof. Given open sets €, 1 =1, 2,let 0 < t < H% (E,Q;UQy). Then there exists W € Q; U,
such that H, (E,W) > t. By [60, Lemma 14.20], there exist open sets €2, i = 1, 2, such that
W e QU and Q) € Q;, i = 1, 2. Hence, we can find open sets W; such that Q, € W; € ;,
i =1, 2, and, by (2.2.23]), we obtain

t < H—i—(E?W) < H—i—(E?Wl) + H+(E7 WQ) < H—T—(Ev Ql) + H—T—(Ea QQ)
Since t < H (E, 4 UQy) is arbitrary, this proves the subadditivity.

Since H(F,-) is inner regular and subadditive the o-subadditivity follows. The last state-
ment follows by (2.2.24]) and the inner regularity of " 'L ZE. O

We are now able to show the same result of Theorem for H,.
Theorem 2.2.10. For any Borel set B C ¥ FE and t > 0, we have that

. H+(E7Qu (oc)(xar»
lim sup =
r—0 P(Ea QVE(:E) (x> T))

for all v € B implies HY (E,U) < tP(E,U) +2yP(E,U \ B) for any open set U D B.

(2.2.41)

Proof. Since H is inner regular, we may assume U D B to be a bounded open set without
loss of generality. We fix 6 € (0,1) and we consider the family F of all the closed cubes inside
U centered in the points © € B with one face oriented as vg(x), such that, if we denote their
interior by Q) (z,r), we have

Hi(Ev QVE(J»‘)(I7 T)) < H+(E7 QVE(QC) (l‘, T)) < (1 + 5)tP(E7 QVE(»"U)(x7 T))?

and |Dxg|(0Qu,@)(z,7)) = 0.

As in the proof of Theorem , we can apply the version of Vitali theorem for cubes (see
[128, Theorem 5.13]) and find a disjoint countable subfamily {Q;} which covers 7" !-almost
all B. It is also clear that, since P(E,Q;) = P(E,Q;), then we have

A" (B\JQ;) =0. (2.2.42)
J
Therefore the subadditivity of H3(F,-) and ([2.2.40) imply
N N o
H{(E.U)<H.(E,|JQ)+H(E,U\|J1-§Q,)
=1 j=1
N N _
<(14+8)t)_P(E,Qj)+29P(E, U\ | J(1-6)Qy)
=1 j=1

< (14 0)tP(E,U)+29P(E,U \ 6(1 —0)Q;).

Jj=1
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Letting first 6 — 0 and then N — +o00, we obtain
Hi(E,U) <tP(E,U)+27P(E,U\ Q)
J
=tP(E,U) + 29P(E, U\ (BUJQ;)) + 29P(E, B\ JQ))
<tP(E,U)+2yP(E,U\ B), J J
because of . ]

Remark 2.2.11. We notice that, by combining Theorems [2.2.5[ and [2.2.7] for s#" l-a.e. x €
F E we obtain

H_<E7QVE(I)($’T)) H,(F, QVE(JC)(J:7T))

vg(z)) < liminf < lim sup < o(vg(r)),
90( E( )) 50 P(E, QVE(Z)(xaT)) 0 P(E,QVE(QE)((E,T)) 80( E( ))
which yields the following equalities:
H_(E H (E
lim inf ( ,QVE(x)(ZE,T» _ limsup +< ,Q,,E(z)<l’,7’)) _ QD(VE(Z')) (2243)

r—0 P(E, QVE(x)(x,T)) r—0 P(E,QVE(I)(mar))

2.2.4 Final estimates

Now we use the results of the previous section to adapt the classical results concerning differ-
entiation of Radon measures to the nondecreasing set functions Hy (F,-).

Theorem 2.2.12. For any set of finite perimeter E in R™ one has
H.(E)=H_(E)= /% o(vp(2)) A" (2). (2.2.44)
Proof. We consider first the case of H_. Then, fixed ¢t > 1, we define the Borel sets
D, :={z € FE : p(vg(x)) € (t*,t*1]}

for k € Z.
For any £, > 0 we can find compact sets K} C D, such that

AN (Dp \ Ky) < ey (2.2.45)
Since this family of compact sets is disjoint, it is then clear that

min  dist(Ky, Ky) >0.  VJ eN.

—J<k£k' <J

Hence, for any J, we can find a disjoint family of open sets Uy, D K}, for —J < k < J. By the
superadditivity of H_, Theorem [2.2.6{and ({2.2.43)), we get

H(B)>H_(E, |J U)> Y H(EU) (2.2.46)
—J<k<J —J<k<J
Z Z tk%n—l(Kk)
—J<k<J

> Y t_l/ o(vg)dA™

_J<k<J Ky

=t o(vg)dA™ "

U—JgngKk
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for any J € N. Since the measure s#" 1 _.Z F is regular and ¢, are arbitrary, we can pass to
the supremum to get

H (E) >t / o(vg) A"

—J<k<J Dy,

Finally, we pass to the supremum over J and then send t — 1 to get
) > / o(ve) dA" 1, (2.2.47)
Now we deal with H,. Fixed ¢t > 1, we define the Borel sets Dy as above. For ¢ > 0, we can

therefore find open sets U, D D, with

STHHIP(E, U\ Dy) <&, D> 29P(E,Uy\ Dy) <e¢
k k

Since Uy, Uy covers " -almost all of # E we can cover R™ \ U, U, with an open set Uy with
P(E,Uy) arbitrarily small and use the o-subadditivity of H7 and (2.2.40)) to get

HL(B,R") < 3" HL(E, Uy).
k

Now, using Theorem [2.2.10, we estimate
HI(E,R") < ZHi(E, Uk) (2.2.48)
k
<> HP(EB,Uy) + 29P(E, Uy \ Dy)
k

< Zt’““P(E, Dy) +2¢
<S¢ / A"t +
Z yE)ka VE)

< t/ VE d%n 1
Now we let € L O and ¢ | 1 to get
HUERY) < [ plvp)dem.
FE

We show now that H%(E,R") = H (E,R"). Indeed, we need only to show H,(E,R") <
Hi(E,R"). Fix W € R" open and let 2 such that W & ; by (2.2.23)) we have

H+(E,Rn) S H+(E7 Q) =+ HJr(EaRn \W)7

since we can take Q and W such that W € W € Q € Q and write R* = QU (R \ W) By
(2.2.24]), we have
which implies H, (E,R") < H}(E,R"), since W is arbitrary. In this way we obtain the in-
equality

H (E) < o(vg)d#" 1, (2.2.49)

~ JZE

Combining (2.2.47) and ([2.2.49)), we prove the theorem. O]
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Remark 2.2.13 (A local version of Theorem [2.2.12]). By similar arguments one can prove that
P(E,R™) < oo implies that the family

R = {A CR": Aopen, HL(E, A) = /A ©(ve) dc%m_l}

NFE

is rich, namely the set {i € [0,1] : A; ¢ R} is at most countable whenever the family {A;}icp
satisfies A; € A; for ¢ < j.

Indeed, since the density arguments are local, one need just to start with H_(F, A) in (2.2.46))
and with H* (E, A) in and to estimate in a finer way. Then, we recall that H* (E,-) =
H,(E,-) on a rich family of open sets. More specifically, one can use and an argument
similar to the last part of the proof of Theorem to prove that any open set A C R" such
that |Dxg|(0A) = 0 belongs to this family.

2.2.5 Some examples

In this section we discuss a few examples and estimates of the function ¢. We also introduce a
variant of the functionals H. in which we allow for dilations nC, for any n € (0,¢| (i.e. the size
of the sets in the family need not be the same).

Covering with balls

If we choose the set C' to be the unit ball B(0,1), it is easy to see that the function ¢ is a
constant &, depending only on the space dimension. Indeed, in this case the functionals H,
and Hy are rotationally invariant.

We are also able to estimate &,, see below. A result due to Cianchi ([48]) shows
that we have the following sharp form of the relative linear isoperimetric inequality in the unit

ball B:
[ENB|B\E| _ 1

|13P - 4&%_1
This inequality clearly gives us the upper bound

P(E,B) for any measurable set E.

0= H(S,,Q) < 5P, Q) = o (2.2.50)

Wn—1 2wn71

On the other hand, the derivation of a lower bound is related to the well-known Kepler’s
problem (see for instance [97,(151]). This problem, also called “packing problem”, consists in
looking for the best way to place finite unions of disjoint open balls with the same (small) radius
inside a unit cube in R™ in order to cover as much volume as possible. As the radius tends to
0, this problem identifies the best fraction p, € (0,1] of volume covered. Kepler’s problem is
highly non trivial, since only in 1998 Hales (|97,98]) was able to prove that in three dimensions
the best packing is the face centered cubic lattice (which is the one used to pack oranges and
cannon balls), and that p3 = 3%, as Kepler conjectured. In two dimensions the best packing
is the exagonal lattice and therefore p; = ;7= as it was proved by Thue in 1890 ([73,[152]). In
dimensions higher than 3 the problem is still essentially open, even though the best packing
constant has been recently determined in dimension 8 and 24 ([49,/154]). Nevertheless, it is not
difficult to prove the existence of the constant p, by standard subadditivity arguments.

Our aim is to give a lower estimate of the number of disjoint e-balls which can stay inside
(2, and are bisected by 05,. Thus, it is clear that this problem is related to the one of looking
for the optimal fraction p, € (0, 1] of the volume of the n-dimensional unit cube covered by
finite unions of disjoint balls with the same radii. We claim that we have

Pn—1
. > .
5 o 2wn—1

(2.2.51)
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Indeed, we can cover 0S5, N @, with a number N, of (n — 1)-dimensional e-balls satisfying

1

—_ 2.2.52
T (2.2.52)

AQ ~ Pn—1
Such (n — 1)-dimensional e-balls can be seen as the sections 05, N B’ for some disjoint n-
dimensional e-balls B’ which are bisected by the hyperplane 05, and lie inside the cube @, .
Therefore, we get

. 1 Pn—1
o B n—1-" o n
& =H2(S,,Q,) > hrarl}glfe 2NE

_>2wn71'
Combining (2.2.50)) and ([2.2.51]), we obtain

(2.2.53)

In particular, it is easy to see that p; = 1, since the ball centered in the origin of radius r coin-
cides with the cube, being the interval (—r, 7). Therefore, we conclude that & = 1/(2w;) = 1/4.

We notice that we can use the above arguments to estimate ¢ also in the case when C' is
the spherical shell B(0,1) \ B(0,r), for some r € (0,1).
Indeed, it is clear that ¢ is a constant ¢, , depending only on the interior radius and the space
dimension, due to the rotational invariance. If we choose the arrangement of disjoint copies
of eC which are bisected by 05, and cover the maximum fraction of surface area, then their
number will be the same N, as in (2.2.52)): in fact, C'N (9S,) occupies the same surface area
as B(0,1) N (0S,). Hence, we have

Pn—1

2wn71‘

On the other hand, it is clear C' C B(0,1) and that any disjoint family of translations of eC

generates a disjoint family of full e-balls. Hence, the inequalities (2.2.10]) and ([2.2.50|) imply
|B(0, 1) 1 1

n7’f§ — = .
S S B0 D\ BOE 2o (L= )22

gnJ;Z

Anisotropic coverings
We present now three examples of ¢, for anisotropic sets C. For simplicity, we shall restrict
ourself to dimension n = 2 for the actual calculations.

The unit square

Let us consider at first C' be the unit cube @ = (0,1)" in R™.
In order to evaluate ¢@(v), we want to maximize in # € R™ for any fixed unit vector v the
function

(@+QNS [[z+Q\Svl ¢ p(g >0
flz,v) = { P(S,,(z+Q)) if P(S,, (z +Q)) ) (2.2.54)
0 otherwise.
We define then
g(v) :== sup f(z,v). (2.2.55)

TER™?

We observe that ¢ is well defined and that the supremum is a maximum.

Indeed, for any fixed v € S"7!, f(x,v) is continuous in z. Clearly, f(z,v) = 0if v ¢ {y :
—v/n < y-v < y/n}, and, if v-v = 0, then f(z + v,v) = f(x,v). Thus, by simme-
try, we can restrict ourselves to a compact set K, containing the origin inside the stripe
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{y : =v/n < y-v < /n} such that f(K,,v) = f(R",v). Next, we notice that if we have
a sequence yr — x with P(S,, (yx + @)) > 0 for any k and P(S,, (yx + Q)) — 0 as yp — =z,
then min{|(yx + Q) N S, |, [(yx + Q) \ Su|} = o(P(S,, (yx + Q))), because one of the two parts
of (yr + Q) reduces to a simplex, for k large enough, and so its volume is proportional to the
product of the basis area, P(S,, (yx + @)), and the relative height, which is going to zero.
Hence, sup,cpn f(2,v) = max,ex, f(x,v).

By the definition of p?, it follows that ¢%(r) < 2g(v), since

n—lsup Z 2‘@ ﬁSuHQ \Sll|

e—0 He O'en. ‘Q/‘Q

< lim sup 2g(v ( v U Q) < 2g9(v)P(S,, Q) = 2g9(v).

0
E—r 'H Q/€H5

On the other hand, by symmetry, there exists 7 > 0 such that g(v) = f(£7v + tv,v), for any
v € S" ! orthogonal to v and t > 0. Then, for any ¢, we can choose the disjoint family G. of
translations of Q) inside @, which corresponds to a subset of {£7v+tv:v € S" 1 v.v =0,t >
0} and which covers 95, up to a set of " '-measure going to zero as € — 0. The existence
of such a family of translation for any fixed ¢ > 0 follows easily from the fact that one can
cover R™ with a tessellation of open disjoint cubes, up to a Lebesgue negligible set. For such a
sequence of families we obtain

p?(v) = lim 2g(v) ( U Q)—2g ).
Q'€Ge

Thus, we conclude that ¢@(v) = 2g(v).

We consider now the case n = 2. By the symmetries of the problem, we can redefine the
function f as
_ QN SLIQN S|

where Q = (071) x (071)7 Sgn = {(xay) € R? ) > mx+q}, q € [_ma 1]7 m = _(Vl/y2> €
[0, +00). It is enough now to distinguish between the cases 0 < m < 1 and m > 1.

(2.2.56)

If 0 < m < 1, then we need only to consider g € [0,1]. The line {y = mz + ¢} intersects
the edges of ) in the points A = (0,¢q) and

(IL,m+q) f0<qg<1l-—-m

B =
(L21)  ifl-m<g<l
Hence, we have
2
1 g+%5)—(¢g+%) if0<qg<1-m
L+m %—7(;2) ifl—-m<qg<l1.
It is easy to see that, for any fixed m, the partial derivative in ¢ is
of 1 1—-2¢g—m f0<g<l—m
Lgm) = ———8 |
q Ltm* [ L4 3(1-¢)? ifl-m<g<l.
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Hence, %L > 0 if and only if
q

g < em ifo<qg<1—m,

g<1—y/2 fl-m<qg<l,

which means that

1
max ,m) = ———
q€[0,1-m] Jlg:m) 4/1 + m?
and
1 /5 if 2 <m <1,
qef[{l_an)i 1] f(q’ m> - 1+ m2 | m m . 2
Since
m m 1
mom) el
2 2 4
for any m € [0, 1], and
1 /2m 1
22 <
3 — 4

only for 0 < m < (27/32), it follows that

1 % QTm if % <m<l1,
max ,m) = ——— 2.2.58
qe[o,l]f(q ) V14 m? % ifogmg%_ ( )
If m > 1, we need only to consider g € [1 —m, 1] and the intersections are
0,g) if0<g<1,
| (-z0) it1-m<q<o,
l—q
and B = (, 1). Hence, we have
m
3
1 e — Uoar if0<g<1,
,M) = ——e " 2 2.2.59
J(a;m) \ﬂ+nﬁ{g—q)—;@—q) if1-m<qg<O0. ( )

We have that, for any fixed m, the partial derivative in ¢ is

af 1 —%—!—i(l—q)Q if0<qg<l,

am

dq V1+m? —1+%(%—q> if1—m<q<D0.

Hence, % > 0 if and only if
q

g<1—/2 ifo<qg<l,

qg% ifl—m<qg<0,
which means that
max f(q,m) = mn
g€[1-m,0] ’ 4+/1 + m?



and

1 /2m : 3
maXf<qm): 1 3V 3 1f1<m<§,
q€(0,1] ’ 1+ m? 27;17;1 if m > %
Since
2m —1
m
m
for any m > 1, and
L [pm m
3V 3 — 4
only for 1 < m < (32/27), it follows that
1 [2m 32
max , M) = —F——— 2.2.60
qE[l—m,l]f<q ) v1+m?2 % i m > % ( )

Because of the symmetry of the cube, we can conclude that

el if [v1] < e,
9W) = { 5/ 3Inllvl i Flee| < || < Fleal,
bl if [v1] > e,

which means

sV 3lnllve| if Z| < || < By,
gy =4°>V? 72 2 (2.2.61)

L if 11| < 5l or 1] > 2w,
and so
20 = 3V anllve| if | < | < 2w,
ll]loo

5 if [11] < 2l{wo| or 1] = 2|us|.

It is clear that its 1-homogeneous extension &% (x,y) 1= /a2 + y2p% (\}%) is indeed ¢@(x)

and that it is not convex in the region {2I|y| < |z| < Z|y|}.
We also notice that max,est 0@ (v) = (1/2), coherently with the results of [5] in the isotropic
case.

The rectangles

Let us now deal with anisotropic coverings made with rectangles. Let R = T[7,(0,a;),
a; > 0, then we can argue as before to show that

Ry\ [(x+R)NS,||[(x+ R)\ S|
P = 2 e R ek B))

If n = 2, we can work with Ry = (0,1) x (0,A), A > 0, since for a generic rectangle R =
(0,a) x (0,b), we have R = aRy if A = (b/a), and so pT(v) = (1/a)p™ (v).

In order to deal with the explicit calculation, we can proceed in a similar way as before, by
considering the function

_ IBANSE[IRAN S

fA(q’m) T |R)\|2P(Sgn,R)\) )

(2.2.62)
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where S% = {(x,y) € R? : y > ma +q}, ¢ € [-m, ], m = —(v1/12) € [0,+00), and dividing
in the two cases 0 < m < XA and m > \. Then, it is not difficult to show that we have

| if 1] < A,
g™ (v) = sV =] if %)\|V2’ < ] < 2|l (2.2.63)
bl if 1] > 2A|us].

Since ™ (v) = 2¢g™ (v), then neither the 1-homogeneous extension of this function is convex.
In conclusion, for the rectangle R = (0,a) x (0,b) we have

Ival if ain] < 2Lblvs|,

2a
o) =2/ Hlnllval i Bblual < aln] < Zbual,
bl if al] > 32b|uy).
It is also easy to see that
1
R
= 2.2.64
ves 7 () 2min{a, b}’ ( )

which gives the value of the constant {(R) in the case of isotropic coverings with rectangles,
when arbitrary rotations are allowed.

The ellipse

As a last example, let C be the ellipse E = {(z,y) : (x/a)*+ (y/b)* < 1}, for some a, b > 0.
In order to estimate ¢ from below, we choose the arrangement of copies of ¢E such that each
one is bisected by the line 0.5, and the contiguous copies are tangent in the intersection between
their boundaries and 0.5,. Hence, we need to evaluate the length of the segment intersected by
a copy of ¢E on the line 95, = {(x,y) - v = 0}.

b
If m = —vy /vy, then 0S, = {y = mz} and the intesections with OF are + d

P _(1,m).
VEr ™
Therefor, the length of the segment is 25ab\/ (1 4+m?2)/(b> + m2a?). Since the copies of ¢
need to cover the unitary segment (95,) N Q,, we obtain

1 Vb2 + m2a? 1
Eoy>lim-—e | ———— | = — /0202 + a212.
A PR ] A A

In particular, if a = b = 1, we get ®(v) > (1/4), coherently with (2.2.53).

2.2.6 Variants
Isotropic coverings

If we redefine H. in an isotropic way; that is, allowing for any orientation of the sets C” in the
covering, we clearly get the rotational invariance for the modified functionals H* and so the
associated function ¢™° is a constant £(C). This was done in [5] with C' equal to the unit cube
() and it is not difficult to show that £(Q)) = 1/2, as Ambrosio, Brezis, Bourgain and Figalli
proved. Indeed, by the relative isoperimetric inequality in the unit cube

EI(1 - |E]) < {P(E,Q) (22.65)

3If v = 0, the length is 2eb.
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for any measurable set £ C @ (see [5, Eq. (2.2)]), we have that

@ NS NQN\S|
Q'[? =70
for any e-cube Q'. This gives H*9(S,,Q,) < 1P(5,.Q.) =13
On the other hand, we can take the e-cubes with one face oriented as v, bisected by 05,
and whose intersection with it gives the canonical partition of 95, N @, in order to obtain
HE9(S,,Q,) > te" ! [e'7"]. This gives the result, coherently with [5].

Actually, using (2.2.13) and ([2.2.65)) we have immediately

. 1
: is0,Q _
llH(l) HP*%(A,Q) = 2P(A, Q) (2.2.66)

e "P(S,, Q)

for any measurable set A and any open sets €.

It is also possible to show that we obtain a similar result if C' is the pluri-rectangle R =
i1(=a;j/2,a;/2), for a; > 0.

Indeed, we can take the copies of ¢ R having one face oriented as v, bisected by 95, and whose

intersection with it gives a partition of 95, N Q, with the largest cardinality; that is, at least

|e!™"/m|, where
m := min Ha]

Thus, we obtain the lower bound H=#(S,,Q,) > 1e"~! [e!™"/m] and so {(R) > 5.
As for the upper bound, by in the following subsection, we have {(R) = 1/(2m) =
1/(2min{a,as}) if n = 2.

We notice that in these isotropic cases the result of Theorem [2.2.] for sets of finite perimeter
follows directly from Theorems [2.2.6| and [2.2.10] with B = .# E. Indeed, these theorems still
hold true since H*° has the same properties of H..

Then, if we take t = £(C'), Theorem implies H®°(E,U) > £(C)#" Y (FE) for any open
set U D Z E: it follows immediately that H*°(E) > £(C)P(E).

On the other hand, if we take an open set U containing .# E' and an open set W & U, the
subadditivity of H " gives

H*(B) < H*(B,U) + H"(E,R"\ W) < H¥*"(E,U) + 2P(E,R" \ V)

and clearly P(E,R*"\ W) | 0as W 1 U.

Now, Theorem yields H*(E) < £(C)P(E,U) = £(C)P(E). Tt suffices now to repeat
the same argument at the end of the proof of Theorem in order to obtain H*(E) <
&(C)P(FE), which concludes the proof.

Infinitesimal coverings

One may define a family of functionals similar to H. allowing for different dilations of the set
C under a fixed level € > 0. More specifically, we set
|C" N A||C"\ A

H.(A,Q) :=sup Y 2(s(C"))"* = : (2.2.67)
Ge Creg. |O|

where C" = ¢(C")(C + a), for some translation vector a, and G, is a disjoint family inside §2 of
translations of the set nC, for any n € (0, ¢].

It is clear that H.(A, Q) < H.(A, ), and so (2.2.6) follows for [, in the case P(A) = +oo.
We can define the functionals H as liminf and hmsup of H.. It is also not difficult to see that
H. and H, satisfy the same elementary properties of H. shown in Section . For instance,
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the homogeneity H,.(tA,tQ) = t" ' H.(A,Q) follows from the fact that each set C” € G,. can
be seen as C” = tC’, with C' = ¢(C")C, for €(C") < g, and so C' € G..

Since these functionals satisfy the same properties of H. and H., we can define the functions
¢+ (v) := H+(S,,Q,) and show an analogous version of Proposition for them. Then, one
may follow the same steps in order to prove Theorem for H, in the rectifiable case. Thus,
we obtain that for any set of finite perimeter A

e—0

lim A, (A) = /% B(va) d™ 1,

Let us now consider the case in which the set C' is the unit ball. Then ¢ is a constant, since
H. is rotation invariant, and ¢ = 1/(2w,_1), since arbitrarily small radii are allowed. Indeed,
the upper estimate is given by .

On the other hand, we notice that we can find a lower bound by considering only the family
of balls which are bisected by the hyperplane 0S,. For any fixed € > 0, we can apply Vitali-
Besicovitch Theorem ([11, Theorem 2.19]) to the measure p = "1 Q", where Q) is a unit
cube in R"! and to a fine cover of balls with radii smaller than &, in order to find a disjoint
family F. n—1) of (n — 1)-dimensional balls with radii smaller than € such that

A1 (Q”\ U B”) = 0. (2.2.68)
BllefE,(Tlfl)

Hence, we can take the family F. of n-dimensional balls bisected by (95,) N @, and whose
intersections with it generate the family F, ,—1). Then, we use (2.2.68)) to obtain

1
o(v) > lim 3 > et

e—0

1
= lim Wy_1€™" 1
e—0 2wn_1 BHEJZE:(nl) !
— L (980 Q) =
B 2wn—l Y v an—l .

Finally, we observe that if we redefine H. allowing for the possibility to rotate the sets C” in
the covering, we obtain that ¢ is a constant, as it happens for H..

In particular, if we take C' to be the unit cube @ as in [5], then, by (2.2.66) and (2.2.65)),

we have

1 . -
—P(A,Q) = lim H**9(A,Q) < lim H**“(A,Q) < ~P(4,Q),
2 e—0 =0

DN | —

~ . 1
which gives liir(l) HEQ(A Q) = §P(A’ Q) for any measurable set A and open set 2.

2.3 One-sided approximation of sets of finite perimeter

E] It is a classical result in Geometric Measure Theory that a set of finite perimeter £ in R",
for n > 2, can be approximated with smooth sets E) such that

|E,AE| — 0 and P(E,) — P(E). (2.3.1)

Suitable approximating smooth sets (see for instance [11, Theorem 3.42] and [111, Theorem
13.8]) are the superlevel sets of the convolutions of x g, which can be chosen for Z-a.e. t €

0,1).

4This section is based on a joint work with Monica Torres [55].
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In this section, we introduce a one-sided approximation which refines the classical result in
the sense that it distinguishes between the superlevel sets for #'-a.e. t € (%, 1) from the ones

corresponding to Zt-a.e. t € (0, %), thus providing an interior and an exterior approximation
of the set respectively (see Theorem . Indeed, in the first case, the difference between
the level sets and the measure theoretic interior is asymptotically vanishing with respect to
the 27" l-measure; in the latter, we obtain the same result for the measure theoretic exterior.
In addition, the one-sided approximation allows to extend the first limit in from the
Lebesgue measure to any Radon measure p absolutely continuous with respect to the Hausdorft
measure 2271, All in all, we shall prove that, if £ is a bounded set of finite perimeter in R"
and p is a Radon measure such that |u| < "1, there exist two sequences {Fj.;}, { Ex..} of

sets with smooth boundary such that

1| (B AEY) — 0 and P(E;) — P(E), (2.3.2)
1| (B A(ET U FE)) =0 and P(E.) — P(E),

and
A" OFEL; \ E') = 0 and #" Y (0E.\ E°) — 0. (2.3.4)

2.3.1 The approximation of £ with respect to measures y < 57" !

In this section we will work in R™, for n > 2. Let p € C2°(B(0,1)) be a smooth nonnegative
radially symmetric mollifier. We denote the mollification of xg by X g, (%) := (x& * pe,, ) (z) for
some positive sequence g — 0. We define, for ¢ € (0, 1),

At = {XEe >t} (2.3.5)

By Sard’s theorem ([111, Lemma 13.15]), we know that, since xg., € C®(R"), L'-ae. t €
(0,1) is not the image of a critical point for xg..,. Hence, A, has a smooth boundary for these
good values of t. Thus, for each k there exists a set Z;, C (0,1), with £1(Z;) = 0, which is
the set of values of ¢ for which Ay, has not a smooth boundary. If we set Z := {2] Zi, then
LY Z) =0 and, for each t € (0,1)\ Z and for each k, Ay, has a smooth boundary.

It is clear that the convergence P(Ag;) — P(FE) for Zt-a.e. ¢t € (0,1) follows in the same
way as in the classical proof of (for which we refer to [11, Theorem 3.42]).

As for the first two limit in and , they are an immediate consequence of the
following result.

Theorem 2.3.1. Let i be a Radon measure such that |u| < " and E be a bounded set of
finite perimeter in R™. Then:

1. |pu|(E*AAk:) — 0 for any t € (%, 1);
2. |u|((E*"U FE)AAk:) — 0 for any t € (O, %)
Proof. By Lemma [1.1.16, we have
XEep — X () for " Lae. x. (2.3.6)
We also notice that {0 < |xpe, — X5 < 1} C Es := {z € R : dist(z, E) < §}, for any k if

d > maxey. Therefore, since Ejs is bounded, xpg, is a summable majorant of |y g, — X};| with
respect to |u|, and so we can apply Lebesgue’s dominated convergence theorem with respect to
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the measure |p|, obtaining ||X i, — Xl 21(®n;) — 0. Then, we observe that, if <t < 1, we
have

J W) = xp@ldel = [,
> (6= )ll(Ake \ BY) + (1= Ol (B A

1
> min{t = 2,1 -t} [ul( A AEY).

(¢pec(e) =Xl + [ (o) = X, ()l

Thus, for any % <t <1 we obtain

|ILL|(Ak,tAE1) S ||XE;EI€ - XEHLl(Rn?WD

min{t—%,l—t} ’

which implies point 1. Analogously, if 0 < ¢t < %, we have

() = () |d|p| > e (1) = X (2))d| ]+

/]Rn |XE, k(x) X ()|d|p] > Ak;t\(EluyE)(XE’ L (7) X (2))d|pl
/ “(2) — XEe d
(Elung)\Ak;t(XE(m) XE; k(m)) |

> tlul (A \ (B0 FB)) + (5 =€) (B U FE)\ Ag)
> min {t, ; _ t} Il (AwA(E' U ZE)).

Thus, for any 0 < t < %,

(A A(E' U ZB)) < IXEiee = Xl g
| B min {t, % _ t}

which gives point 2. O]

Y

Therefore, Theorem implies that we can choose the approximating sets Fy,; and FEj..
to be Ay, for any t € (%, 1)\ Zand t € (0, %) \ Z, respectively.

Remark 2.3.2. If we choose u = " 1. E, we obtain from Theorem m
1. A" FENA) — 0forany t e (%, 1);
2. H"HFEN(R"\ Apy)) — 0 for any t € (O, %)
Indeed, this is clear from the following identities:
FEN(E'AA) = FEN[(E'\ Agt) U (Ags \ BY)] = FEN A,
FEN(EAAy:) = FEN[(E\ Akt) U (Ake \ E)] = ZEN (R™\ Ag).
In particular, this implies also

1 1
A" FENOAL) — 0 forany t € (O, 2) U (2, 1> ,

Indeed, 0Ay; C Ay, for % <s<t<land 0Ap; CR"\ Apsfor 0 <t <s< %
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2.3.2 The one-sided convergence of boundaries

We prove now that indeed the sets Ay, satisfy the first limit in (2.3.4) for Z'-a.e. t € (%, 1)
and for a suitable sequence €, — 0, independent of ¢. First, we recall the classical coarea
formula, for which we refer to [69, Theorem 3.10].

Theorem 2.3.3. Let u : R™ — R be Lipschitz. Then, for any Borel-measurable set A, we have

/A|Vu|dx — /R%"‘I(Aﬂu‘l(t))dt. (2.3.7)

Theorem 2.3.4. Let E be a set of finite perimeter in R™. There exists a sequence &, converging
to 0 such that, if Xg.e, = XE * pe, and Ak = {Xge, > t}, we have

lim " Y (0Ak \ E') = (2.3.8)

k——+o00
for Ll-a.e. t € (%, 1).

Proof. We take s > % and a sequence £, with g, — 0. By the coarea formula (2.3.7)), we have

[ Wxmaldr = [ 0k, (00 (A \ ) di
Apis\E!
- / HNO A, \ EY) dt, (2.3.9)
since, for t < s,
XE,lsk (t) N (Ak§5 \ El) = (Z)a
while, for ¢ > s,
Xl_?,lgk (t) N (Ak;s \ El) = XE‘,lek (t) \ El = aAk;t \ El‘

We claim that
IVX B, |2t A\ BLRn) — 0. (2.3.10)

In order to prove the claim, we observe that Vxg,., = (Dxg * pe, ), and so

IVXEe| < |DxE| * pey.- (2.3.11)

Since |[EAE'| =0, (2.3.9)), (2.3.11]) and (1.1.9) yield

IVXEe Lt A\ B1Rr) = /R NVxEe XA 0B de
< [ (DxE]* po) xopde = [ (oo % Xy ) dIDX

_ /ﬁE(pak % Xag\p) A (2.3.12)

Thus, we need to investigate, for any x € .# E, the behaviour of (p, * x4, \£)(7) as k — +o0.
We have

(Per * XA \E)(T) = / e."p <

=ly=v+ez] = /B o p(2) X4y, (T + €82) X(re\B) (2 + €8 2) dz.

y
) XA, (W) X@m\ ) (y) dy

We observe that = + ez € R™\ E if and only if z € (R \E : hence, by ((1.1.12] m we have

X@n\E) (T + &) = Xemea (1) = Xp; () in L'(B(0,1)) as k — +oo.

€k

81



In particular, this means that the L' limit of y g p)(z + €52) is not £"-a.e. zero only if
z-vg(z) <0, so that we can restrict the integration domain to B(0,1) N H, . On the other
hand, x + ez € Ags = {xp., > s} if and only if g, (v +exz) > 5. We see that

XEe, (T + €p2) = /Rn e (T +erz —y) xe(y) dy

=y =c+¢epz+epul = /B(O 5 p(u) xg(x + cx(u+ 2)) du.

Arguing similarly as before by applying (L.1.11)), we obtain xg(z + (2 +-)) = X 1y, (x)(z +)
in L'(B(0,1)) as k — +oo, for any x € #F and z € B(0,1). Now, we recall that z-vg(x) <0,
and since we have XHJE(x)(Z +u) = 1if and only if 0 < (2 + u) - vg(z), we conclude that
0 < —z-vp(r) <u-vg(xr) < 1; that is, u belongs to the half ball B(0,1) N H,} (x). This implies
that, for any z € FFE and z € B(0,1) N H,_(x),

(2.3.13)

N)\»—t

kEIJP XEe, (T +ep2) i =v(z, 2) = /B(O,l) p(u) XHJE(z)(Z +u)du <
Therefore, since 0 < x4, ( +&x2) < 1and 0 < x@e\py(z + €x2) < 1, these calculations
yield

(Pey, * Xap\B)(¥) = / . P(2) XAy, (7 + ex2) Xre\B) (T + €12) d2z
— / B 1) X{v (z z)>s}( ) XHV—E(J;) (Z> dZ, (2314)

for any x € FE.
Equation (2.3.13)) shows then that the limit in (2.3.14)) is identically zero, since

{z eER":v(x,2) > s> ;} NB(0,1)NH, (z) =10,

for any z € FF.

We can now apply to the Lebesgue dominated convergence theorem with respect
to the measure "~ '..# E and the sequence of functions p., * xa,,\z (since the constant 1 is
clearly a summable majorant), thus obtaining .

Finally, up to passing to another subsequence (which we shall keep calling ¢, with a little

abuse of notation), (2.3.9) and (2.3.10) yield (2.3.§)), for #'-a.e. t > s. Since s > % is fixed

arbitrarily, we can conclude that ([2.3.§) is valid for Z!-a.e. t > %, up to a diagonalization

argument. O

Remark 2.3.5. An analogous result holds for the measure theoretic exterior; namely, there
exists a sequence € converging to 0 such that, if xg., = xg * p-, and Ags = {xg, > t}, we
have

lim 2" Y (0Ag, \ E°) = (2.3.15)

k—+o00

for £l-ae. t € (0, %)

2.4 Weak™ limit points of mollified sets of finite h-perimeter

E|Through this section, let G be a stratified group, €2 C G be an open set and E be a set of
finite h-perimeter in . Let also p € C.(B(0,1)) be a mollifier satisfying p > 0, p(z) = p(z™!)

This section is based on a joint work with Valentino Magnani |51].
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and / p(y)dy = 1. Thanks to Theorem [1.3.11} we know that the right mollification p. * x g
B(0,1)

is well behaved in the sense that p. x xp € CL(QF) and Vg (p. * xg) — Duxg. It seems
natural to ask whether we could obtain convergence results similar to those of Lemma [1.1.16
also in the stratified groups context. However, as pointed out in Section [1.3.3] we cannot
expect in general a pointwise convergence .79 !-a.e. result for the mollification p, * x g, since
we have the convergence to the precise representative defined using balls with respect to the
right invariant distance d”%, while the spherical Hausdorff measure is constructed using the left
invariant distance d. Nevertheless, in this section we prove that the weak* limit points of the
family p.* xg in L>(82; |[Dgxg|) is precisely 1/2. This proposition is proved by a soft argument
borrowed from [10, Proposition 4.3]. It should be noted that this weak* convergence does not
require any existence of blow-ups, since it holds in any stratified groups, even in those where it
is not known whether a De Giorgi’s type theorem may hold. As an immediate consequence, in
Theorem [2.4.5| we recover in any stratified group the weak* limits

1
XE(pe * Duxe)pn — §DHXE7
1
xo\e(pe * Daxe)p — §DHXE

which are point (2b) and (2c¢) of Lemma |1.1.16]
We start with a preliminary remark.

Remark 2.4.1. Let v € M(Q2) be any nonnegative Radon measure and denote by xg any
weak™® cluster point of p.* xg in L>°(2;v). Then the lower semicontinuity of the L*>-norm gives

I <0y < imninf 1o, % X)) < 1

for some positive sequence of ¢, converging to zero. Considering a nonnegative test function
Y € L'(Q;v), we also have

OS/Qw(pE*XE)dV%/QwﬁdV,

hence proving that 0 < xg(z) <1 for v-a.e. x € Q.

We pass now to the main convergence result, which exhibits a deep similarity with the
statement of [10, Proposition 4.3], where the authors study points of density 1/2 and relate
them to the representation of perimeters in Wiener spaces.

Proposition 2.4.2. Let E C Q be a set of locally finite h-perimeter, p € C.(B(0,1)) be a
mollifier satisfying p > 0, p(x) = p(z~1) and/ p(y)dy = 1. It follows that
B(0,1)

)

Dy ((p= * x)xe) = (p= * X5)Duxe + X&(p- ¥ Duxe) in M(QX) (2.4.1)
for any € > 0 such that QX # (0 and

« 1 .
Pe * XE — 5 a5 € — 07 in L>®(Q; |Duxz|). (2.4.2)
Proof. 1t suffices to show that for any cluster point Xz € L>(Q;|Dyxrl|) of p. x xg as € — 0,
then we have Yz = 1/2 a.e. with respect to |Dyxg|. We consider a positive vanishing sequence
ex such that p., x xg — Yz in L®(Q;|Dgxe|). Indeed, p. x xg is clearly uniformly bounded
in L>(Q; |Duxrl), and therefore there exists at least a converging subsequence. We have first
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to prove (2.4.1). We know that p. x yg € C5(QX) N C(G) by Lemma [1.3.10f Choosing any
¢ € CL{HQR) and taking into account (1.3.17), it follows that

/Q%i (pe * xE)xpdivpdr = /Qi xediv(é(p: * xg)) dr — /955 XE (@, pe x Dgxg) de.  (2.4.3)
By Remark [1.3.4] we get

: divodz =~ [ (p. Dixe) = [ Xe {6 p. « Daxe) da,
/Q%(P * Xg)Xedive dx QQ(P * XE) (& DuXxe) Q@X“W* aXe) dx

which implies (2.4.1)). Thus, taking into account ([1.3.14)) and ([1.3.19)), for any open set A € €2

such that A C QF, we obtain

Dul(pe* Xe)Xe)(A) < [ poxxwdDixsl + [ pex|Dixslde. (244)

Now we observe that

| oo IDmxplde = [ [ xnal@)p-(ya™) diDirxsl(y) de
ENA G JQ

(2.4.5)
= /Q(ps * Xena)(y) d|Duaxe|(y),

since p.(zy~') = p-(yx~!). We notice that (p. * xgna) < (pe * xg) and
(P * XBna)(z) =0

for any x ¢ AR€. Taking into account this vanishing property, along with ([2.4.4), ,
(1.2.17)) and the lower semicontinuity of the total variation, we let € = ¢} and, for any open set

A € 2, we obtain
|Duxe|(A) < Q/ZX7EC”DHXE|7

since Xz > 0, as observed in Remark [2.4.1] in the particular case v = |Dyxg|. This inequality
can be refined by noticing that, given any open set A C (), if we take an increasing sequence of
open sets A; such that A; € A;j;; and U; A; = A, the regularity of the Radon measure | Dy x g
yields

|Duxel(A) = limsup [Duxe|(A;)

J—+o0

< 21imSUP/TX7d|DHXE| < 2/AX7Ed|DHXE|'
J

Jj—+oo

(2.4.6)

This means that Yg(z) > 1/2 for |Dgxg|-a.e. z € Q. Finally, we notice that also Q\ E is a set
of locally finite h-perimeter in 2 and the equality

Per * XQ = Pe, * XE + Pe, * XQ\E

yields the weak®* convergence of p., * xa\r to 1 — Xz in L®(Q;|Dyxgl). This implies that
1 —Xg > 1/2 at |Dyxg|-a.e. point of Q, therefore our claim is achieved. O

Lemma 2.4.3. If v € M(Q) is a nonnegative measure and f,, — f in L>(;7) as k — oo,
then for every 0 € L'(Q;~), setting v = 0, we have

Jev — fv

in the sense of Radon measures on 0 and fi, = f in L=(Q;|v|).

84



Proof. For any ¢ € C.(Q2), one clearly has ¢ € L'(Q;v) and so we get

[ ofudv= [ obscdy— [ o07dy = [ orav

We observe that |v| = |0], and so, for any v € L'(Q;|v|), we have ¥|0] € L'(Q;~). Thus, we
obtain

[ wsidl = [ wlolfedy — [ 0lolfdv= [ wfdvl,
Q Q Q Q
concluding the proof. O]
Remark 2.4.4. By (2.4.2) and the previous lemma, we notice that
(pe * xp)v — (1/2)1,
having v = 0|Dgxg| and § € L' (Q; |DyxEl).

Lemma 2.4.5. Let E C Q be a set of locally finite h-perimeter and p € C.(B(0,1)) be a
mollifier satisfying p > 0, p(z) = p(z™1) and /( ),O(y) dy = 1. Then, we have
B(0,1

1
XE(pe ¥ Dyxp)n — §DHXE7 (2.4.7)
1
xo\E(pe * Daxe)n — g Puxe- (2.4.8)

Proof. By (2.4.1) and (1.3.14]), we have
XE(pe * Duxs)i = x5V (pe * xg)i = Du((pe * xe)xe) — (p< * Xg)Drxe in M(QF).

Since for any ¢ € C}(HQ) we have supp(¢) C QX for ¢ > 0 sufficiently small, we get

/Q OXEVH(pe * Xp) dr = — /Q (pe * xE)xE dive dx — /Q (pe * XE) (¢, dDuXE) -

We pass now to the limit on the right hand side, and, by Remark we obtain that

- /Q(Pa * Xp)Xedivg de — /Q(Pa * Xg) (¢, dDuXE)
converges to |
—/ XE diVdeZU—/ (¢, dDuxk)
Q Q2
as € — 0%. The last limit equals X
- D )
/Q D) (¢,dDyxE)

Therefore, by the density of C1(HQ) in C.(HSY) with respect to the sup norm, we get ([2.4.7)).
We observe that xo\g(p: * Daxe) = (1 — Xg)Va(p: * Daxe), and so (2.4.8)) follows from the
first local weak* convergence of ([1.3.18) and from ([2.4.7]). O
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Chapter 3

Divergence-measure fields in the
Euclidean space

3.1 Introduction

[] The Gauss-Green formula is of significant importance in pure and applied Mathematics, as
it plays a role in PDEs, Geometric Measure Theory and Mathematical Physics. In the last two
decades, there have been many efforts in extending this formula to ‘nonsmooth domains’ and
‘weakly regular vector fields’. Through this introduction, we shall illustrate the various versions
of the Gauss—Green theorem in the whole space, to avoid unessential technicalities deriving
from the restriction to an open set (2.

The classical Gauss—Green theorem, or divergence theorem, asserts that, for a vector field
F € C}(R™;R") and an open set F such that F is a C'' smooth manifold with boundary, there
holds

/ divFde = — [ F-vpda™ !, (3.1.1)
E OF

where vg is the unit interior normal to F and "~ ! is the (n — 1)-dimensional Hausdorff
measure. The class of open sets considered above is too restrictive and this motivated the
search for a wider class of integration domains for which the Gauss—Green theorem holds true
in a suitable weaker form. Such a research was one of the aims which historically led to the
theory of functions of bounded variation (BV') and sets of finite perimeter, or Caccioppoli sets.
Indeed, an equivalent definition of set of finite perimeter requires the validity of a measure
theoretic Gauss—Green formula restricted to compactly supported smooth vector fields.

While it is well known that a set of finite perimeter £ may have very irregular topological
boundary, even with positive Lebesgue measure, it is possible to consider a particular subset
of OF, namely, the reduced boundary .# E, on which one can define a unit vector vg, called
measure theoretic unit interior normal. In view of De Giorgi’s theorem (Theorem [1.1.10)), which
shows the rectifiability of the reduced boundary, we know that |Dyg| = " 'L ZF and so
(1.1.13)) implies a first important relaxation of (3.1.1):

/ divFdr = — [ F-vpda™, (3.1.2)
E

FE
where F is a set of locally finite perimeter in R” and F' € Lip,(R™;R"™). Even though this result
is important because of the large family of integration domains, it is however restricted to a
class of integrands with a still relatively strong regularity.
The subsequent generalization of is due to Vol'pert [156] (we refer also to the classical
monograph [157]). Thanks to further developments in the BV theory, he was able to consider

!This chapter is based on joint works with Kevin R. Payne [52|, and with Gui-Qiang Chen and Monica
Torres [40].
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vector fields in F' € BV(R™;R™) N L>®°(R™; R") and bounded sets E of finite perimeter in R",
getting the following formulas

divF(E') = — E, -vgda#" ", (3.1.3)

FE
divF(E'U.ZE) = — . F., -vgd" (3.1.4)
F
where E' is the measure theoretic interior of E and Fy,, are the exterior and interior traces
of F' on ZFE; that is, the approximate limits of F' at © € Z# E restricted to the half spaces
{y e R": (y — z) - (Xvg(x)) > 0}. The existence of such traces follows from the fact that any
BV function admits a representative which is well defined 7" -a.e.

Not all distributional partial derivatives of a vector field are required to be Radon measures
in and , since only the divergence appears. Moreover, Gauss—Green formulas with
vector fields of lower regularity have proved to be very important in applications, as for instance
in hyperbolic conservations laws or in the study of contact interactions in Continuum Physics,
[41,/138]. All of these facts finally led to the study of p-summable divergence-measure fields,
namely, I” vector fields on R™ whose divergence is a Radon measure.

Divergence-measure fields provide a natural way to extend the Gauss—Green formula. The
family of LP summable divergence-measure fields, denoted by DMP? | clearly generalizes the vec-
tor fields of bounded variation. It was first introduced by Anzellotti for p = oo in [23], where he
studied different pairings between vector fields and gradients of weakly differentiable functions.
Thus, he considered F' € DM in order to define pairings between bounded vector fields and
vector valued measures given by weak gradients of BV functions. One of the main results
is [23, Theorem 1.2], which shows the existence of L>(02) traces of the normal component
of DM™>(Q) fields on the boundary of open bounded sets € with Lipschitz boundary. These
traces are referred to as normal traces in the literature.

After the works of Anzellotti ([23,24]), the notion of divergence-measure fields was redis-
covered in the early 2000s by many authors with different purposes. Chen and Frid proved
generalized Gauss—Green formulas for divergence-measure fields on open bounded sets with
Lipschitz deformable boundary (see |41, Theorem 2.2] and [43, Theorem 3.1]), motivated by
applications to the theory of systems of conservation laws with the Lax entropy condition. The
idea of their proof rests on an approximation argument, which allows to obtain a Gauss—Green
formula on a family of Lipschitz open bounded sets approximating the given integration do-
main. Later, Chen, Torres and Ziemer generalized this method to the case of sets of finite
perimeter in order to extend the result in the case p = oo, achieving Gauss—Green formulas
for essentially bounded divergence-measure fields and sets of finite perimeter ([45, Theorem
5.2]). Then, Chen and Torres [44] applied this theorem to the study of the trace properties of
solutions of nonlinear hyperbolic systems of conservation laws. Further studies, improvements
and simplifications of [45] have subsequently appeared in [40}52}55].

It is of interest to mention also other methods to prove the Gauss—Green formula, and
different applications. Degiovanni, Marzocchi and Musesti in [66] and Schuricht in [138] were
interested in the existence of a normal trace under weak regularity hypotheses in order to achieve
a representation formula for Cauchy fluxes, contact interactions and forces in the context of the
foundations of Continuum Mechanics. As is well explained in [138], the search for a rigorous
proof of Cauchy’s stress theorem under weak regularity assumptions is a common theme in
much of the literature on divergence-measure fields. The Gauss—-Green formulas obtained in
[66,,138] are valid for F' € DMP(R"™) and p > 1, even though the domains of integration E must
be taken from a suitable subalgebra of sets of finite perimeter, related to the vector field F.

Silhavy in [144] also studied the problem of finding a representation of Cauchy fluxes through
traces of suitable divergence-measure fields. He gave a detailed description of generalized
Gauss—Green formulas for DMP-fields with respect to p € [1,00] and suitable hypotheses on
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concentration of divF'. In particular, he provided sufficient conditions under which the interior
normal traces (and so also the exterior) can be seen as integrable functions with respect to
the measure "' on the reduced boundary of a set of finite perimeter. We should also note
that Silhavy studied the so-called extended divergence-measure fields, already introduced by
Chen-Frid in [43], which are vector valued Radon measures whose divergence is still a Radon
measure. He proved absolute continuity results and Gauss-Green formulas in [145,/146]. It
is also worth to mention the paper by Ambrosio, Crippa and Maniglia [§], where the authors
employed techniques similar to the original ones of Anzellotti and studied a class of essentially
bounded divergence-measure fields induced by functions of bounded deformation. Their results
were motivated by the aim of extending DiPerna-Lions theory of the transport equation to
special vector fields with bounded deformation.

In the last decades and more recently, Anzellotti’s pairings and Gauss—Green formulas
have appeared in several applied and theoretical questions, as the 1-Laplace equation, minimal
surface equation, the obstacle problem for the area functional and theories of integration to
extend the Gauss—Green theorem. We refer for instance to the works [65,104,/106,[107,[131}134~
136]. Recently Anzellotti’s pairing theory has been extended in [57], see also [58,/59], where the
authors have also established integration by parts formulas for essentially bounded divergence-
measure fields, sets of finite perimeter and essentially bounded scalar functions of bounded
variation.

In the context of unbounded divergence-measure fields, in [52, Example 6.1] it was showed
that, for any p € [1,00), there exists F' € DM, (R") \ DM} (R™) which fails to have locally
integrable interior and exterior normal traces on the boundary of a smooth set. Nevertheless, in
the joint work with Gui-Qiang Chen and Monica Torres [40] the case of DMP-fields for p < oo
is considered, new integration by parts formulas are presented and the normal trace functional
is studied in relation with the Leibniz rules. In particular, if p and p’ are Sobolev conjugate
exponents, a new Leibniz rule for DMP-fields and essentially bounded scalar functions with
gradient in L? is established. Theorem is a refinement of this result.

In this chapter we shall present the alternative approach developed in [52], which follows
the original idea employed by Vol'pert to prove and . While the statement of the
fundamental result (Theorem is essentially the same as the main result in [45, Theorem
5.2], our proof is much simpler. Indeed, beyond known facts from Geometric Measure Theory
concerning sets of finite perimeter and functions of bounded variation, it relies only on the
following three ingredients:

1. the absolute continuity property of the divergence of a field ' € DM®™: |divF| <« "}

(Theorem |3.2.2));

2. the Leibniz rule between fields in DM and essentially bounded BV scalar functions

(Theorem |3.2.4));

3. the divergence theorem in the case of compactly supported divergence-measure fields
(Lemma [3.3.3): if F' has compact support, then divF(R™) = 0.

The Gauss—Green theorem for essentially bounded divergence-measure fields and sets of finite
perimeter states that, if F© € DM™(R") and E is a set of locally finite perimeter in R", then
there exist interior and exterior normal traces of F' on # E; that is,

(Fi - vg), (F.-vg) € L°(FE; ™)
such that, for any ¢ € Lip,(R™), we have

/ wddivF+/ F-chdw:—/ ©F;-vgdsa™ ",
B E FE

/ gpddivF+/ F-chdm:—/ o F, - vpd st
FEWUZE E FE
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In addition, the following trace estimates hold:
1 Fi - vell ez mimn-1) < | Fllegrny  and || Fe - vpllpe(zpm-1) < | Fllpe@mpmm. (3.1.5)

The chapter is structured in the following way. In Section we recall the notion of p-
summable divergence-measure fields and their absolute continuity properties, from which gen-
eral Leibniz rules for any p € [1, 00] are derived. Then, Section is devoted to the study of
the Gauss—Green formulas on sets of finite perimeter in the case p = co. In addition, we give
the definition of the interior and exterior normal traces and we obtain the integration by parts
formulas. The properties of the normal traces are further investigated in Section where
we show their consistency in the case of a continuous vector field and their locality. Finally,
in Section we apply the integration by parts formula previously obtained to derive general
Green’s identities for sets of finite perimeter and Lipschitz scalar function whose distributional
Laplacian is a Radon measure.

3.2 Product rules for divergence-measure fields

In the rest of the chapter, €2 will denote an open subset of R™.
Definition 3.2.1. Let 1 < p < o0.

a) A vector field F' € LP(Q2;R") is a divergence-measure field, and we write F' € DMP(Q), if
the distributional divergence divF is a real finite Radon measure on §2.

b) A vector field F is a locally divergence-measure field, and we write F' € DML (), if
F € DMP(W) for any open set W &€ Q.

In the case p = 0o, F'is called a (locally) essentially bounded divergence-measure field.

It is worth mentioning that, if ' = (F},...,F),) is a vector field with components F; €
BV (Q)NLP(Q2), then F' € DMP(Q); however, cancellations in the singular part of the measure
divF can allow for DMP(Q2) without having components in BV (£2) N LP(£2).

A first important result concerns the absolute continuity properties of divF with respect to
the Sobolev capacity and the Hausdorff measure, which depends on the Lebesque index p for
F e DM} (2). In what follows, we denote by p’ the conjugate exponent to p; that is, the real
positive number satisfying % + z% =1

Theorem 3.2.2. Ifn/(n—1) <p < oo and F € DM;, (), then |divF| < C,. In particular,

for any Borel set E such that ™7 (E) < oo we have |divF|(E) = 0.
If p= oo, |[divF| < 2" 1.

Proof. Ifn/(n—1) < p < oo, the result follows from [132, Theorem 2.8] and Theorem [1.1.22| (we
refer also to [144, Theorem 3.2]). If p = oo, then [144, Theorem 3.2] implies |divF| < "1,
and so, by Theorem [1.1.22, we also obtain |divF| < C;. O

We notice that, if 1 < p < n/(n— 1), we can always find a field FF € DM, () such that
divF = ¢,, for some xy € (), namely

1 _
F(z) = —

T nwy | — |

Therefore, we cannot expect to extend the previous result for such values of p.
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In addition, Silhavy proved in [144, Example 3.3 and Proposition 6.1] that Theorem m
is sharp also for p > n/(n — 1) in the sense that for any € > 0 there exists F' € DM, (£2) such
that |divF| is not absolutely continuous with respect to " 7+¢,

We prove now a result concerning the product rule between a field F € DM}, (Q) and

loc

a scalar function g € L (Q) N WP (). This provides an extension to [40, Proposition 3.1]

loc
which we could not find in the literature.

Theorem 3.2.3. Let p € [1,00], F € DME,(Q) and g € LE.(Q) with Vg € LP (4 R™), then
we have gF € DML, (Q) and

loc
div(gF) = g"divF + F - Vg .£", (3.2.1)

where g* is the p'-quasicontinuous representative of g if p > n/(n—1), and it is the continuous
representative of g if p € [1,n/(n —1)).

Proof. 1t is clear that gF € LY (€;R™).

loc
We consider now the mollification of g, g. := g * p., where p € C°(B(0,1)) is radially
simmetric, with p > 0 and [ ;) pdz =1 and p.(x) := e "p(z/¢). Then we obtain
div(g.F) = g.divF + F - Vg. £" (3.2.2)

in the sense of distributions: indeed, for any ¢ € C!(Q) we have
/QggF-ngde:/QF-V(gggb)dm—/ngF-Vggdx
_ _/ . ddivF — / 6F - Vg, dz.
Q Q
In particular, if we take ¢ € C!(Q') for some open set Q' € €, this implies that

[ 9-F - V6 da| < 6]l =@ (gl |V FI(Q) + 1Pz [V v )

Therefore, for any fixed ' € 2, we showed that {div(g.F')}. is a uniformly bounded sequence
in M(€). However, it is clear that div(g.F) — div(gF) in the duality with C!(Q), hence we
conclude that div(g.F) — div(gF) in My,.(€), by the density of C}(Q2) in C.(Q).

Now we need to pass to the limit as ¢ — 0 also in the right hand side of .

If p>n/(n—1), which means p’ € [1,n], we have that g.(z) — ¢*(z) at p’-quasi every = € Q,
by Theorem since g € W57 (Q). This implies that g.(z) — ¢*(z) for |divF|-a.e. = € Q,
since |divF| < C, by Theorem . On the other hand, it is clear that |g-(x)| < ||g|| £
for any z € ' € Q2. Thus we can apply Lebesgue theorem with respect to the measure |divF|
in order to obtain

/ bg. ddivF — / bg* ddivF (3.2.3)
Q Q

for any fixed ¢ € C.(Q), since supp(¢) C ' for some Q' € Q.

If instead p € [1,n/(n — 1)), which means p’ > n, then, by Morrey’s inequality, g admits a
continuous representative, which we shall denote again by ¢*, and so g.(z) — ¢*(z) for any
x € §. Therefore, we can apply again Lebesgue theorem and obtain .

As for the second term, we notice that, if p > 1, and so p’ < oo, then Vg. — Vg in L{’;C(Q; R™)
and so it follows that

/Q<bF'Vg€dx—>/Q¢F-ngx (3.2.4)
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for any ¢ € C.(Q).

Finally, we consider the case p = 1,p/ = oo: we have that g € W,2>°(Q) and so it is almost ev-
erywhere differentiable and the weak gradient coincide with the classical one almost everywhere.
Then, for any ¢ € C.(£2) we obtain

/ch(:c)F(fr)Vgs(fﬂ) dz = /QVg(y)~/Q F(2)p-(z—y)(¢(z)—o(y)) dx dy+/Q o(y)Vy(y)-F(y) dy.
Since F. — F in L. .(2;R"), it follows that
/ gng-ngy—>/ Vg - F dy.
Q Q

On the other hand, since ¢ is uniformly continuous, for any 1 > 0 there exists an € > 0 such
that, if |z — y| < g, then |¢(z) — ¢(y)| < n, and this implies that

/QVQ(?J) : /QF(:v)pe(x —y)(d(z) — oy)) dx dy‘ < nlIVgllLee@rrn) | Fll L1 0rmn),

if supp(¢) C ' € Q. Since ¢ is fixed and 7 is arbitray, we obtain again (3.2.4]). This concludes
the proof. O

We notice that, if p = oo, it is possible to extend Theorem [3.2.3] to scalar functions ¢ €
L>®(Q) N BVjee(€2). To this purpose, it is necessary to employ the notion of pairing measure
between an essentially bounded vector field and a vector valued Radon measure, introduced
in Lemma [1.1.3] This case has indeed been widely studied, see for instance [41, Theorem 3.1]
and [82, Theorem 2.1]. For the sake of completeness, we recall here its statement in the most
general form.

Theorem 3.2.4. If F € DM[5.(Q2),g9 € L2.(2) and Dg € Myo.(2;R™), then gF € DMy, (Q)
and there exists a unique pairing meaure (F, Dg) such that

F - (pex Dg) L™ — (F,Dg) in Mio(Q)

for any nonnegative radially symmetric mollifier p € C(B(0,1)) satisfying [y pdr = 1.
This measure satisfies

div(gF) = ¢g*divF + (F, Dg), (3.2.5)
where g* is the precise representative of g given by (1.1.18)), and
|(F, Dg)|LY < || F||poo(crsmmy| Dg| L (3.2.6)

for any open set Q' € Q). In addition, we have the decompositon
(F,Dg)* =F-NVg*£", (F,Dg)’=(F,D%),
where (Dg)* = Vg.2L".

Proof. Since the statement is of local nature, we can restrict ourselves to any open set ' € 2
without loss of generality, so that we have ' € DM () and g € L*(QY) N BV (). Then,
for the proof under these assumptions we refer to [82, Theorem 2.1]. O]

Remark 3.2.5. As an immediate consequence of (3.2.5]), we notice that the pairing measure
is linear in the first component, for any fixed g € L2 () with Dg € M,.(£2; R™).
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3.3 The Gauss—Green formulas

In this section, we establish versions of the Gauss-Green formula for DM (§2) fields on sets
of locally finite perimeter in 2. The method of the proof is analogous to the one Vol'pert used
in order to prove his integration by parts theorem and it is based on the product rule recalled
in Theorem [3.2.4] The results are similar to those presented in the paper of Chen, Torres and
Ziemer [45], but this exposition does not require the theory of the one-sided approximation of
sets of finite perimeter by sets with smooth boundary introduced in Section [2.3] Therefore, we
do not need to state a preliminary version of the theorem for open sets with smooth boundary.
Nevertheless, we will show in Remark that our approach actually implies the one of [45],
thanks to the approximation result of Section In addition, our approach can be easily
generalized to sets of locally finite perimeter, and employed to obtain integration by parts

formulas, Green’s identities and the locality properties of the normal traces.

3.3.1 The normal traces

Let ' € DM™>(Q2) and E be a set of finite perimeter in 2. Then, Theorem implies that
the pairing measures (xgF, Dxg) and (xa\gF, Dxg) are well defined and unique. In addition,

thanks to (3.2.6), we clearly have
|(xeF, Dxe)| < |Fllz~@em | Dxel  and - [(xa\eF, Dxe)| < |F[lz~@zzm | Dxel- (3.3.1)

We may now employ Radon-Nikodym Theorem and define the interior and exterior normal
traces of F' on the boundary of F as the functions F; - vg, F. - vg € L®(Z E; |Dxg|) satisfying

2(xeF,Dxg) = F; - ve |DxEl, (3.3.2)
2(xa\eF, Dxg) = Fe - ve |Dxs|. (3.3.3)
These definitions may be justified in the light of the following result, which is a refinement

of the Leibniz rule between a field in DM™(§2) and the characteristic function of a set of finite
perimeter.

Theorem 3.3.1. Let F € DM™(Q) and E be a set of finite perimeter in Q). Then the following
formulas hold in M()

div(xgF) = xpdivF + 2(xgF, Dxg), (3.3.4)
div(xeF) = xpruzpdivF + 2(xo\eF, DXE), (3.3.5)

Proof. Using the product rule of Theorem [3.2.4] one has

div(xpF) = div(xe(xeF)) = Xpdiv(xeF) + (xeF, Dxk)
= Xg (XpdivF + (F, Dxg)) + (xeF, DxE)
= (xp)’divF + x5 (F, Dxg) + (x&F, Dxr), (3.3.7)

where X7, is the precise representative of yp given in formula (1.1.20). On the other hand, one
also has

div(xzF) = div(xgF) = xjdivF + (F, Dxg) (3.3.8)
and combining (3.3.7)) with (3.3.8)) yields
Xp(l = Xp)divE = (xp — D)(F, Dxg) + (xeF, DxE). (3.3.9)
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Since |divF| < "1, by Theorem [3.2.2} formula (1.1.20] of Lemma [1.1.16{implies that
1
Xp(l = xp)divE = Zx,ngdivF. (3.3.10)

By Theorem m |(F,Dxg)| < |Dxg| and so x3(F, Dxg) = 5(F, Dxg), since this measure
is concentrated on .# E. From this fact and (3.3.10]) we obtain

1 .
§x,,ozEd1vF =2(xeF,Dxg) — (F, Dxg). (3.3.11)
Thanks to the linearity of the pairing measure (Remark [3.2.5)), we have
(F.Dxg) = (xeF, Dxg) + (xa\eF, Dxz), (3.3.12)

and so (3.3.6]) easily follows from (3.3.11]). Now, we can employ (3.3.8]) and (3.3.11)) to obtain

1
div(xgF) = xpdivF + §X,§4‘EdiVF + (F, Dxg)
= xprdivF + 2(xgF, DxEg),

which is (3.3.4). On the other hand, if we add and subtract the term %xyEdivF in (3.3.8)),
then (3.3.6) and (3.3.12)) yield (3.3.5)):
. : 1 :
div(xgF) = xpiugpdivF — EXyEleF + (F - Dxg)
= XpuzpdivE — (xeF, Dxg) + (xa\eF, Dxe) + (F - Dxk)
= XElLJyEdiVF + Q(XEF, DXE)
O
As an immediate consequence, (3.3.2)) and (3.3.3) imply that the formulas of Theorem [3.3.1]

may be rewritten in terms of the normal traces, instead of the pairing measures.

Corollary 3.3.2. Let F € DM (Q) and E be a set of finite perimeter in 2. Then the normal
traces F; - vg and F. - vg satisfy the following formulas in M(Q)

div(xgF) = xpdivF + F; - vg|Dxg|, (3.3.13)
div(xgF) = xprugedivF + F. - vg|Dxg|, (3.3.14)
Xy‘EdIVF = (.E Vg — JT:@ : I/E) ’DXE’ (3315)

Proof. The result easily follows by combining (3.3.4)), (3.3.5]) and (3.3.6|) with the definitions of
interior and exterior normal traces (3.3.2]) and (3.3.3). O

We state now the following simple result concerning fields with compact support, which is
valid for any 1 < p < oo and can be seen as the easy case of the Gauss—Green formula, since
there are no boundary terms.

Lemma 3.3.3. Let p € [1,00|. If FF € DMP(Q) has compact support in ), then

divF(Q) = 0.
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Proof. Since F' has compact support, there exists an open set V' satisfying supp(F) C V & Q.
Then, we have divF = 0in Q\ V.
Now, if we choose ¢ € C°(2) such that ¢ = 1 on a neighborhood of V', we obtain

0=— F~Vg0dx:—/F-Vgod:c:/gpddivF:/igoddivF:divF(V)
Q\V Q Q %

and hence divF(Q) = 0. O
By combining Lemma and Corollary [3.3.2, we obtain the Gauss—Green formulas.

Theorem 3.3.4. Let F € DM5.(2) and let E € Q) be a set of finite perimeter in Q2. Then,
we have

divF(EYY=— | Fi-vgd#"" and divF(E'UZE)=— [7 Fo-vpdi" . (3.3.16)
FE

Proof. Without loss of generality, we may assume that F' € DM>(2). Indeed, it is clear that
there exists an open set (' € €2 such that ' € DM™> (') and E € ¥'; so that we may work
on {2 instead of €.

Since xgF' € DM™(Q) and clearly has compact support in 2, by Lemma [3.3.3[and ((3.3.13)
one has

0 = div(ysF)(Q) = divF(E') + / F - vpd|Dxpl.
Q

Then, thanks to De Giorgi’s theorem (Theorem [1.1.10]), we have |Dyg| = #" 'L ZF and the

first part of (3.3.16]) follows. In an analogous way, Lemma [3.3.3} (3.3.13) and Theorem |1.1.10
yield the second part of (3.3.16]). O

By (3.3.1)), (3.3.2) and (3.3.3), it is easy to obtain a first rough bound on the L>*-norm of

the normal traces of a divergence-measure field, namely
I Fi - vEll Loz poen-1) < 2||Fllegmny  and || Fe - vell Loz pmm-1) < 2||F[ e @mrn)-

However, it is possible to get a refined version of such estimates, as shown in the following
theorem.

Theorem 3.3.5. Let F' € DM™(Q2) and let E be a set of finite perimeter in Q2. Then, we have
the following estimates on the normal traces:

175 - vel Loz poem—) S |Fllpe@an  and || Fe- velle o) < [Fllie@ezn. (3.3.17)
Proof. By the Lebesgue-Besicovitch differentiation theorem, for s#" '-a.e. v € .ZF one has

2(xeF, Dxp)(B(z,1))
=0 |Dxel|(B(z,7))

We recall that, by Theorem [3.2.4] for any nonnegative radially symmetric mollifier p € C'°(B(0,1))
satistying [p1) pdy = 1, we have

el - (pe * Dxg)ZL" — (xgF, DxE).

In addition, by ((1.1.3]) in Lemma [1.1.3} the family of measures |xgpF ' (p-* Dxg)|-ZL™ is uniformly
bounded in M(2), with the estimate

L IXEF - (b 5 Dx) | dy < |1F 1= i) | DX ().
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Thus, there exists a weak® converging subsequence, which we label with e, and let the
positive measure \; € M(Q) be its limit:

IXEF - (pe, ¥ DxE)|-ZL" — i

Then, by [11, Proposition 1.62] we know that |(xgF, Dxg)| < \;. Moreover, we observe that
also the sequence xo\g|ps, * Dxg| is uniformly bounded with a similar estimate as above, for
any nonnegative sequence ¢, — 0. So there exists a weak* converging subsequence which we
shall not relabel for simplicity of notation and which converge to positive measures p. € M().

By a standard concentration argument (see |11, Example 1.63]), we can choose a sequence
of balls B(x,r;) € 2 with r; — 0 in such a way that

|Dxel(0B(x,75)) = Xi(0B(x, 1)) = pe(9B(x,75)) = 0.

Hence, by |11, Proposition 1.62] and Lemma [1.1.16| we have

lim 2(XEF,DXE)(B(:C,7’]»))‘ i |20 B(z,rj)XE (pe, * Dxg) dy
P IDXEBE ) LT i 9 e s ) dy
ex—0 B(Q?,Tj)

Ao i Xl Dol dy
< hm0

Ti— .

Elklr—I}O B(z,r;) |v(p6k * XE)l dy
limy Xo\E|pey, * DxE| dy

€x—0JB(z,r;)

’ lim IV (pe, * xe)| dy

ex—0 B(x,rj)

lim | Xa\EV (P, * XE) dy|

ex—=0" JB(z,r;)

< oo . n i -
< 2P|z (g ling,

lim \V(pe,, * xE)| dy

ex—0 B(x,rj)
_ 1[Dxgp(B(z,r)))|
2 |Dxel(B(z,r)))

In the last equality we used the definition of reduced boundary (Definition [1.1.7)): if x € FFE,
then |vg|(x) = 1, |Dxg|(B(x,r)) > 0 for r > 0 and vg(z) = lim, ‘DXE(B m))‘ This implies

Dxg|(B(z,r
that
|Dxe(B(r.1))
=0 | Dxg|(B(z,7))

The estimate for the exterior normal trace F, - vy can be obtained in a similar way. Indeed,
Theorem and Lemma [I.1.3] imply that

= QHFHLOO(EJRTL) rlJanO < ) = ”FHLOO(E;RH).

= |lvp(x)] = 1.

Xo\EF - (pe * Dxp)ZL" — (Xa\el, DXE),

and that the family of Radon measures |xo\pF - (p-* Dxg)|-Z™ is uniformly bounded in M(2),
with bound

J X - (02 Dx)| dy < I|F 1w @ | DX ().

Hence, there exists a weakly* converging subsequence, which we label again with ¢, whose
limit is a positive Radon measure A, satisfying |(xo\gF, Dxg)| < Ae. Analogously, one can
show that the sequence xg|p-, * Dxg|-Z" is uniformly bounded in M(Q), extract a weakly*
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converging subsequence (not relabeled) and denote its limit by p;. Now we can consider balls
B(z,r;) € Q which satisfy

IDXBl(@B(x,r;)) = A(0B(x,7;)) = (@B, r;)) = 0

and we use the inequality

/B( )XQ\EF' (pe * Dxg) dy| < ||F|| 1o\ ) /B( )XQ\E|pek * Dxg|dy

to complete the proof. n

Before proceeding, we would like to formalize a few remarks comparing the case of DM (Q)
and BV (£;R™) N L>(2; R") fields.

Remark 3.3.6. Since the proof of Theorem [3.3.4] given above relies on the product rule for
F € DM™(Q) and g € BV (2)NL>() and on Lemma[3.3.3] then it is not difficult to show that
Theorem is consistent with Vol'pert’s Gauss-Green formula for BV (2; R™) N L>°(2; R™)
fields as given in [157, Chapter 5, Section 1.8]. Indeed, if F' € BV (Q;R™) N L*>®(Q;R"), then
Theorem [1.1.15] and some straighforward calculations show that

(F,Dg) = F*- Dg.
Therefore, we have
Fiovg=1F,,-vg and F.-vg=F_,, -vg,

where F,, (z) are the approximate limits of F in " !-a.e. x € FF restricted to F and Q\ E,
respectively. Actually, thanks to De Giorgi’s Theorem (Theorem [1.1.10)), this is equivalent to
say that F,, are the approximate limits of F' restricted to

I, (2) = {y € R": (y — z) - (Fvp(x)) > 0};
that is, for any € > 0 one has

o H € R £ IF(9) = Fay ()] = 2} 0 Bla,r) 0 IE (@)

=0.
0 | B(,7)]

3.3.2 Integration by parts formulas

In this section we prove general integration by parts formulas for a DM,

. vector fields and
. . 1,1 . . .
scalar functions in W, N LY, over sets of locally finite perimeter, under some assumptions on

the compactness of the supports.

Theorem 3.3.7. Let F € DM, (Q) and let E be a set of locally finite perimeter in 2. Then,

there exist (F; - vg), (Fe - vg) € LS(F E; #1) satisfying (3.3.2)) and (3.3.3)) in any open set
U € Q, and such that the following estimates hold:

|\ Fi - vell ooz mnu,emn—1) < || F || peerumny  and || Fe - VE|| Lo (zmruen—1y < || F|| Lo\ Ern).-
(3.3.18)

In addition, for any p € LS.(Q) such that Vo € L (4 R™) and supp(xey) € Q, the following
formulas hold:

/ o ddivF+/ F-Vods = —/ o (Fs - vg) A (3.3.19)
E1 E JFE

and

/ o* ddivF + / F-Vodr=— / o (F, - vg) ™. (3.3.20)
EWUZE E FE
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Proof. 1t is clear that for any open set U & €2 we have Fjy € DM™(U) and (xg)jv = Xenv €
BV (U). With a slight abuse of notation, from now on, we will write F' instead of F|;y. Hence,
in the open set U the interior and exterior normal traces of F on .# E are well defined as in

(3.3.2) and (3.3.3). Then, (3.3.18]) follows easily from the restriction of (3.3.17)) to U.

As for the second part of the statement, we see that there exists U &€ 2 such that
supp(xey) € U. By applying the Leibniz rules (Theorem and Corollary [3.3.2)) to pxgF,

we obtain:

div(exel) = " xpmdivF + ¢"F; - vp|Dxp| + xpF - Vo L7, (3.3.21)
div(pxpl) = ¢"xpuzedivF + ¢"F. - vp|Dxp| + xpF - Vo £, (3.3.22)

as identities between Radon measures in M(U). Then, it is enough evaluate (3.3.21) and

(13.3.22) over U and to apply Lemma in order to get (3.3.19)) and (3.3.20)). O]

Remark 3.3.8. It is possible to improve the estimates in on the L*-norm of the
normal traces. Indeed, if F' € DMy, (2) and £ C Q) is a set of locally finite perimeter in 2, we
can choose U = (F E). NV, where (FE). = {x € Q : dist(z, FE) < e} and V & Q is open.
Then, we get

| Fi - vl Lo (2 E)nvimem—1) < gg{HFHLW(Ea;R")}a

where E. :=UNE ={zx € ENV :dist(xz, ZE) < e}. On the other hand, a similar argument
yields
| Fe - VE||L0°((§E)0V;%”*1) < gg{“FHLw(EE;R”)})

where 5 :=UN(Q\E)={zx € (Q\ E)NV :dist(z, FFE) < €}.

3.4 Consistency of normal traces

3.4.1 The continuous case

Because of , we see that for a general divergence-measure field the measure divF' contains
a jump component at the boundary of a set of finite perimeter where the exterior and interior
normal traces do not coincide. However, this does not happen if the field F' is continuous.
The following theorem is similar to [45, Theorem 7.2], however, our proof does not need the
preliminary result given by |45, Lemma 7.1] and it is consequently more direct.

Theorem 3.4.1. (Consistency of the normal traces) Let F' € DM}, (2) N C(Q;R™). If
E is a set of locally finite perimeter in ), then

(Fi-ve)(r) = (F.-vg)(x) = F(z) - vg(z) for H#" '-a.e.x € FE.

In particular, |divF|(FFE) = 0 and, for any ¢ € LZ.(Q) such that Vo € L (;R™) and
supp(xep) € 2, we have:

/ ©o* ddivF+/ F-Vodr = —/ O*F -vpdst" . (3.4.1)
B E FE
Proof. By Theorem and (3.3.2)), one has that 2(xgF, Dxg) = (F; - vg) " 'LFE in

M(U) for any open set U € Q, and F; - vg € L¥(FENU;#" ). This means that, for
" ae. x € FE, one has

(F - ve) (@) = lim 2222 D) B, 1)) (3.4.2)

=0 |Dxgl(B(z, 7))
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In addition, we know that
XEF : (pE * DXE)gn - (XEF7 DXE) in MIOC(Q)7

which means that, Vo € C.(9),

| ox8F - (b x Dx)dz = [ 6d(xsF. Dxs) as & 0.

Observe that ¢F € C.(2;R"™) and, since xg(p: * Dxg) — (1/2)Dxg, by point (3)(b) in Lemma

[I.1.16], one also has
1
/Q(¢F) - XE(pe * Dxg) dx — /Q(qﬁF) : §dDXE as € — 0.

Thus, we conclude that (xygF, Dxg) = %F - Dxp in Mioc(92), which means that

2w, Dxg) (Bl 1)) = [

F-dDxp — /
B(z,r) XE B(

z,

for any r > 0 small enough so that B(z,r) € 2. Moreover, by the continuity of F', the function
F - vg is well defined on FF and is also in L{°.(Z E; ™). Therefore, from (3.4.2), for
" lae. x € FE, one obtains

) iy JBEn FO) - ve()d Dxel(y)
i) ) = I DB )
— F(2) - vs(a),

by the Lebesgue-Besicovitch differentiation theorem.
Applying the same steps to the measure 2(xo\gF, Dxg) yields that it is equal to F'- Dxg
and hence one also finds that F, - vg admits F - vg as representative and hence it coincides with

Fi - vg. Finally, (3.3.15)) easily implies |divF|(.Z E) = 0, and (3.4.1]) follows from (3.3.19). O

From this theorem, we see that continuous divergence-measure fields have no jump com-
ponent in their distributional divergence. However, we remark that xzg|divF| = 0 does not
imply a better absolute continuity property of divF such as |divF| < 7"~ for some t € [0, 1).

Remark 3.4.2. We note that the L*™ estimates in Theorem [3.3.7] are sharp. Indeed, given a
set of finite perimeter F in €2, there exists a divergence-measure fields F' for which

| Fi - vell o (zmm—1) = || Fe - VBl Lo (zE2m-1) = | Fl|Loo(B:R7) = || F || oo (\ ER7) -

Indeed, it is enough to select a constant vector field F' = vg(z), for some fixed x € FE, so
that (F; - ve)(z) = (Fe-vp)(z) = 1.

We conclude this section with a pair of remarks concerning normal traces.

Remark 3.4.3. We observe that in general the normal traces of an essentially bounded (but
discontinuous) divergence-measure field on the reduced boundary of a set of finite perimeter
do not coincide " 1-a.e. with the pointwise dot product. However, in [§] it has been shown
that, roughly speaking, the normal traces coincide with the classical one on almost every
surface. More precisely, let I C R be an open interval and let {3, };c; be a family of oriented
hypersurfaces in (2 such that there exists ' € Q, ® € C1(€¥) and a family of open set ; € ',
tel, with ®(Q)=1,{® =t} =%, =0 forany t € [,|V®| > 0 in ' and ¥, is oriented by
V&/|V®|. Then, if F' € DM, (), we have

loc

Fi-vg, =Fe v, =F-vq, S ae. on Yy, for Llae tel.
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For a proof of this result, see [8, Proposition 3.6] (although in their paper the definition of
exterior normal trace is slightly different from ours, they are indeed equivalent by Proposition
below).

We notice that, in particular, this statement applies to any family of balls { B(xo,7)}re(0,r)
inside : indeed in this case I = (0, R) and ®(x) = |x — x¢|>. Thus, for Z'-a.e. r € (0, R), we
have |divF|(0B(xg,r)) = 0,

(x — x9)

A" ae. x € OB(x0,7)
|z — x|

E : VB(mo,r) (37) == Fe : VB(mo,T)('r) = _F(“T) :

and

(z = 20) A" (z).

' |z — x|

divF(B(xo, 1)) = /8 s F@

Remark 3.4.4. We notice that, by combining Theorem and Remark [3.4.3] one can
recover the approximation result of Chen, Torres and Ziemer (as in (i)(b), (i)(g), (ii)(b) and
(ii)(g) of [45, Theorem 5.2]); that is, the integrals of the interior and the exterior normal traces
over the reduced boundary are the limits of the integrals of the classical normal trace over the
boundaries of a suitable family of smooth sets. Indeed, let F' € DM;5.(€2) and let E € €2 be a
set of finite perimeter. Pick a smooth nonnegative radially symmetric mollifier p € C°(B(0,1))
and consider the mollification x g, () := (xg*pe,)(x) of x g for some positive sequence e, — 0,
as in Section 2.3] For ¢ € (0,1), one has Ay, := {u, > t} € Q if ; is small enough. Since
|divF| < #"~! (by Theorem|[3.2.2), we can apply Theorem to the measure divF in order

to obtain

1
lim |divF|(E'AAp) =0 for te (1) (3.4.3)
k——+o00 ’ 2
and )
lim [dvFI(B'U FE)AA) =0 for te (o, 2). (3.4.4)
—+00

It is clear that the sets Ay, satisfy the hypothesis of Remark for any k with ® = xg.,.
and so

Fi-va,, =Fe-va, =F va, " Lae. on 0Ay., for Plrae te (0,1).

Now, since A, has a smooth boundary for #'-a.e. t € (0,1), then for these values of ¢
one has A" 1 (0Ags \ FAyi) = 0 (see for instance [11, Proposition 3.62]), and this implies
FO((Age)' \ Ag) = 0. Hence, by the Gauss—Green formulas ([3.3.16)), one has

divF (Ags) = — F vy, dx"t (3.4.5)
OApss ’
for any ¢t € (0,1) \ Z, with £ (Z;) = 0. Clearly, Z := U, Z is £ -negligible, and so (3.4.5)
holds for any k and for any ¢ € (0,1) \ Z. Finally, one applies (3.3.16]) to the set F and uses
(3.4.3) and (3.4.4]) to obtain

lim F vy, d#" ' =~ lim divF(4,) = —divF(EY) = | F-vpds#"
k—+00 Jo A, ’ k—4-o00 ’ FE
for L'-a.e. t € (3,1), and
lim F vy, d" " = — lim divF(A4;,) = —divF(E'UZE) = Fo - vpdA™?
k—+o0 JOA., ’ k—4-o00 FE

for £t-a.e. t € (0, %), which are the desired approximation results.
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3.4.2 Locality properties of the normal traces

In this section, we show that, for sets of locally bounded perimeter, the normal traces are
determined by .% E and its orientation, thus generalizing what is known for the case of E open,
bounded with C! boundary (see [8, Proposition 3.2]). Our treatment begins by considering the
normal traces on complementary sets.

If £ C Q) has locally finite perimeter in €2, then it is well known that the complementary
set 2\ E also has locally finite perimeter in Q, with Dxo\g = —Dxg, F(Q\ E) = ZFE, and
vong = —vp. Therefore, Theorem [3.3.7 shows that F' € DMg;,. () also admits interior and
exterior normal traces

Fi VQ\E‘,.Fe "VQ\E € L (ﬁE;c%ﬂn_l).

loc

One easily obtains the following useful relations for normal traces on the boundary of comple-
mentary sets of locally finite perimeter in 2.

Proposition 3.4.5. If F' € DMS.(Q2) and E C Q) is a set of locally finite perimeter in €2, then

loc
Fe-vg=—F;-Vo\E A ae. on FE (3.4.6)

and
Fe-vo\p = —Fi-vg A ae. on FE. (3.4.7)

Proof. By the definition of normal traces, (3.3.2)) and (3.3.3]), and Theorem we have
2(xo\eF, Dxo\g) = Fi - voxe |Dxe|, 2(xeF, Dxa\r) = Fe - vo\r | DXxE|-

Then, by the definition of pairing measure, for any nonnegative radially symmetric mollifier
p € CX(B(0,1)) we have

Xo\EF - (pe * Dxo\g)ZL" — (xa\eF, Dxo\E),
XeF - (pe ¥ Dxa\p)Z" — (x&F, Dxa\r)

On the other hand, it is clear that

xo\el - (pe * Dxa\p)ZL" = —xa\eF - (p: * Dxp)ZL" — —(xa\eF, DxE),
Xel" - (p: * Dxo\p)ZL" = —xpI" - (p: * Dxp)Z" = —(x&F, DxE).

All in all, we get

(xa\eF, Dxag) = —(Xa\eF, Dxg) and (xgF, Dxar) = —(x&F, DXxE).
Therefore, (3.4.6) and (3.4.7)) follow from the definition of F; - vg and F. - vg. O

We consider now the normal traces of F' on a common portion of the reduced boundary of
two sets of locally finite perimeter. We will show that the traces agree if the measure theoretic
unit interior normals are the same, while they have opposite signs if the measure theoretic unit
interior normals have opposite orientation. Our proof will adapt that given in [8, Proposition
3.2] for bounded open sets with C' boundary.

For the proof, we need to recall a few additional facts from Geometric Measure Theory.
First, we recall a consequence of the basic comparison result between a positive Radon measure
i and k-dimensional Hausdorff measures through the use of k-dimensional densities of pu: if
p € Mioe(Q2) with p positive and pul A = 0 for a Borel set A C Q, then for each k& > 0 one has

w(B(z,p)) = o(p*) for H#*-ae. x € A. (3.4.8)
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For a proof of this fact, see [11, Theorem 2.56]. Next, we recall elements of the structure of
sets of locally finite perimeter given by De Giorgi’s blow up construction. By Theorem [1.1.10],
if F is a set of locally finite perimeter in €2, then for any x € % E one has

X(B-n)/p = Xpgy ) 80d X(@\m)ya)/p = Xy, 0 LH(B0,1)) as p— 07, (3.4.9)

where H (z) :={y € R": +y-vg(x) > 0}. Moreover, by (L.1.10), the hyperplane H,,(z) :=
{y : y-vge(x) = 0} is the approximate tangent space to the measure #" 'L .ZFE at v € FFE
in the sense that for any ¢ € C.(Q2) one has

lim p~(= /m@ (y_x> A" (y) = / o(2) dA" (). (3.4.10)

p—07+ 1% Hyp ()

Finally, let us consider two sets E;, Ey of locally finite perimeter in . Then, for 7" l-a.e.
r € FE; N FE,, we have either vg, () = vg,(x) or vg,(x) = —vg,(x). This follows from the

locality property of approximate tangent spaces, for which we refer to [11, Proposition 2.85 and
Remark 2.87].

Proposition 3.4.6. Let F' € DM () and let Ey, Ey be sets of locally finite perimeter in Q
such that " Y(F E, N FFEy) #0. Then one has

Fi-vg, =F;-vg, and F.-vg = Fe- Vg, (3.4.11)
for " ae. v e{ye FELNFEy :vp(y) =ve(y)} and
Fi-vg =—Fe-veg, and F.-vg =—F;  vg, (3.4.12)
for " ae ve{ye FELNFE, :vp(y) = —ve,(y)}.

Proof. We begin with the first claim in (3.4.11)). For s#" l-a.e. © € FE; N.Z E,y such that
vg, (z) = vg,(x) one has

x is a Lebesgue point for F; - vg, with respect to #"'L.ZE; for j = 1,2 (3.4.13)

and
\divF\((El1 U E21) N B(x,p)) = o(pnfl). (3.4.14)

Indeed, the normal traces are in L{°.(.Z E; #™~1) and so the Lebesgue-Besicovich differentiation
theorem gives (3.4.13). For (3.4.14), it suffices to observe that (EfUE)N.ZE; = for j = 1,2,
and so the property follows from (3.4.8) with p = |divF|L(E} UE}) and k =n — 1.

Let n € C*(B(0,1)) and define 7, ,(y) = n((y — x)/p) for any p > 0. It is clear that

supp(ns,p) € € for p small enough. By the integration by parts formula (3.3.19)), we have

/ o p ddivEF = — / Nop(Fi - vg,) dA™" — / F Vi, dy (3.4.15)
E'J1 :?Ej Ej
for j = 1,2. Using (3.4.14)), we see that

< |divF|((Ef U E)) N B(x, p)) = o(p" ). (3.4.16)

| / Mo, ddivF — / o, ddivF
5} 5}

Since Vn,, = (1/p)(Vn),, one also has

1
F -V, ,dy— /E F -V, dy’ < ;\IF\ILOO(B(m);Rn)!!an!Lw(B(o,l);Rn>|(E1AEz) N B(z, p)|.
2
(3.4.17)

‘El
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Next, observe that

P IEBAE) N B ) =0 [ e, — x| dy
z,p

= IXEL (4 p2) — XEBy (7 + p2)| d2
B(0,1)

= [ e (2) = e () d2 0,
B(0,1) o 2
as p — 0, where one uses ((3.4.9) and the fact that Hj;h (x) = HjE2 (x). Hence, (3.4.17) implies

‘ F-Vn,,dy —/ F-Vn,, dy‘ =o(p" ). (3.4.18)
E1 EQ

Subtracting (3.4.15)) with j = 2 from (3.4.15) with j = 1 and using (3.4.16)) and (3.4.18]), one

obtains

/%1 N p(Fi - vp,) A" — /% N (Fi - vp,) A" = o(p" V). (3.4.19)

On the other hand, since x is a Lebesgue point for JF; - vg, with respect to S FE;, one
has

/ﬁ Nop(Fi - v, ) A — (Fi - vp ) () / ey d (3.4.20)
S/ e (WI(Fi - vp,)(y) — (Fi - vp,) (@) dA" " (y) = o(p" )
for j = 1,2. In addition, (3.4.10) implies that
p~ b Nep dF™ —/ ndA" "t = o(1), (3.4.21)
FE; Hqu (=)

for 7 = 1,2. Hence, by (13.4.20)), (3.4.21)) and the triangle inequality, one has

=o(1).

p—(”_l) nﬂﬁ,p(‘Fi . VEJ-) d%n_l - («E ’ VEj)(x) / nd%n_l

FE; Hqu (=)
Hence, for 7 = 1,2 one has

p Vo (Fivgy) dAT (E-VEj)(fﬂ)/ ndA"" as p— 0. (3.4.22)

ﬁEj H”Ej ('T)

Now choose 1 such that n > (1/2) on H,, () N B(0,(1/2)) so that the integral over H,, (x)

is not zero. Recalling that H,, (z) = H,, (), then and imply (F; - vg,)(z) =
(Fi - ve,)(2).

As for the other identities, notice that gives (Fe-vg;) = —(Fi - va\g,) for " Lae.
x € FE;j, for j =1,2. Moreover, since vo\p, = —vg, A" '-a.e. on FE; and vg, () = vg,(z),
one has vo\ g, (¢) = vo\g, (). Since 2\ E; is a set of locally finite perimeter in €2, one can apply
the identity we just proved to obtain (F. - vg,)(z) = —(F; - vo\g, ) (%) = —(Fi - vog,) (@) =
(Fe-vp,)(x) for " 1ae x €{ye FENFE;y: vp, (y) = ve,(y)}, which is the second claim
in (3.4.11)). The identities of follow in an analogous way by using , and

the previous argument applied to £ and Q0 \ Ej. O
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3.5 The Green’s identities

As an application of the integration by parts formulas, we can generalize the classical Green’s
identities to Lipschitz functions whose gradients are locally essentially bounded divergence-
measure fields.

Theorem 3.5.1. Let u € Lip,,.(Q2) be such that Au € Mi(Q), and let E C Q be a set of
locally finite perimeter. Then there exist interior and exterior normal traces of Vu: (Vu; -
vg), (Vue-vg) € L (FE; ™) such that, for any v € C(Q) satisfying Vv € Ll (;R") and
supp(xgv) € 2,

/ vdAu + / Vv - Vudr = —/ v(Vu, - vg) ds#" 1, (3.5.1)

B E FE

/ vdAu +/ Vv - Vudr = —/ v(Vu, - vg) dA" (3.5.2)
EWUZE E FE

For any open set U &€ 1, the following estimates hold:

[V, - VEHLOO(ﬂ‘EmU;,%”"*l) < ||VU||L°°(UOE;R”); (3.5.3)

|V - VEHLOO(ﬁEmU;if”—l) < HVUHL“(U\E;R")'
In addition, if v € Lip,,.(Q2) with Av € M,.(2), and supp(xgv),supp(xgu) € €2, then the
following formulas hold:

/ vdAu — udAv = —/ (U(Vui cvg) —u(Vo; - I/E>> dA" ", (3.5.5)
B FE

/ vdAu —udAv = —/ (v(Vue vg) —u(Vo - VE)> ds" 1. (3.5.6)
EVUZE FE
In particular, if supp(xpu) € €2, then

/ udAu—i—/ |Vul? dr = —/ uw(Vu, - vg) dA#A™ 1, (3.5.7)
Bt E FE

/ udAu+/ Vul* dr = —/ u(Vu, - vg) dA#A™ 1. (3.5.8)
F'UFE E FE

Proof. Since Vu € DM;S.(Q), the existence of interior and exterior normal traces Vu;-vg, Vi, -

vg € L2 (F E; 7 1) and the estimates (3.5.3]) and (3.5.4) follow from Theorem [3.3.7, Analo-

loc

gously, (3.5.1]) and (3.5.2) are an immediate consequence of (3.3.19)) and (3.3.20]), respectively,
with F'= Vu and ¢ = v.
In addition, if supp(xgu) € 2 and v € Lip,,.(2) with Av € M)o.(€2), then we can exchange

the role of u and v in (3.5.1)) and (3.5.2):

/ udAv +/ Vu-Vudr = —/ w(Vo; - vg)dA" 1, (3.5.9)
B E FE

. = — . n—1
[ElUgE”dAU+/Ev” Vudx /?EU(VUQ vg)dA" . (3.5.10)

Thus, it suffices to subtract (3.5.9) from (3.5.1)) to obtain (3.5.5)), and to subtract (3.5.10) from
3.5.2) to obtain (3.5.6). Finally, choosing v = v in (3.5.1) and (3.5.2)), we obtain (3.5.7) and

3.5.8)), respectively. O

In the case we deal with continuously differentiable functions, thanks to Theorem [3.4.1], we
can write the normal traces of the gradient as the classical scalar product with the measure
theoretic unit interior normal.
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Corollary 3.5.2. Let u € CY(Q) satisfy Au € Myo(Q) and let E be a set of locally finite
perimeter in Q. Then, for any v € C(Q) satisfying Vv € L _(;R") and supp(xgv) € 2, we

have
/ vdAu = — vVu - vgdA" T — / Vo - Vudz. (3.5.11)
B FE E

In addition, if v € C*(Q) with Av € My,.(2), and supp(xgv),supp(xgu) € 2, then we get
/El vdAu —udAv = — /ng (vVu — uVv) - vy dsA" (3.5.12)
In particular, if supp(xgu) € €2, then
/ udAu —l—/ |Vul?dr = —/ INVATREVSN (3.5.13)
B B FE

Proof. We begin by noticing that Vu € DM (2) N C(2;R™), and so Theorem implies
that the normal traces of Vu on .# E coincide with the classical dot product Vu(z) - vg(x)

for #" tae. v € FE. Thus, (£.4.18), (4.4.19) and (3.5.13)) follow from (3.5.1)), (3.5.5)) and
B5.7). 0
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Chapter 4

Divergence-measure fields in stratified
groups

4.1 Introduction

[ The Gauss-Green formula has been deeply studied also in a number of different non-Euclidean
contexts, see for instance [95,/99|110]. Related to these results is also the recent study by Ziist,
on functions of bounded fractional variation, [158]. Other extensions of the Gauss—Green
formula appears in the framework of doubling metric spaces satisfying a Poincaré inequality, as
in [117]. Through special trace theorems for BV functions in Carnot—Carathéodory spaces, an
integration by parts formula has been established also in [155], assuming an intrinsic Lipschitz
regularity on the boundary of the domain of integration.

The main objective of this chapter is to establish a Gauss—Green theorem for sets of finite
perimeter and divergence-measure vector fields in a family of noncommutative nilpotent Lie
groups, called stratified groups or Carnot groups. Such Lie groups equipped with a suitable
homogeneous distance represent infinitely many different types of non-Euclidean geometries,
with Hausdorff dimension strictly greater than their topological dimension. Notice that com-
mutative stratified Lie groups coincide with normed vector spaces, where our results agree with
the classical ones. Stratified groups arise from Harmonic Analysis and PDE, [75,149], and rep-
resent an important class of connected and simply connected real nilpotent Lie groups. They
are characterized by a family of dilations, along with a left invariant distance that properly
scales with dilations, giving a large class of metric spaces that are not bi-Lipschitz equivalent
to each other.

The theory of sets of finite h-perimeter in stratified groups has known a wide development
in the last two decades, especially in relation to topics like De Giorgi’s rectifiability, minimal
surfaces and differentiation theorems. We mention for instance some relevant works [1,[1626],
46,62,80,81},105,112113}|118}/124},125[|127], only to give a small glimpse of the vast and always
expanding literature. Some basic facts on the theory of sets of finite perimeter and BV functions
hold in this setting, once these notions are properly defined. Indeed, other related notions such
as reduced boundary and essential boundary, intrinsic rectifiability and differentiability can be
naturally introduced in this setting, see for instance [139] for a recent overview on these topics
and further references.

The stratified group G, also called Carnot group, is always equipped with left invariant
horizontal vector fields Xy, ..., X, that determine the directions along which it is possible
to differentiate. The corresponding distributional derivatives define functions of bounded h-

!This chapter is based on a joint work with Valentino Magnani [51]. However, in order to align it to the rest
of the thesis, we adopted the convention that vg denotes the measure theoretic unit interior normal, resulting
in a change of signs from the formulas in [51].
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variation (Definition and sets of finite h-perimeter (Definition [1.3.13). We consider
divergence-measure horizontal fields, that are LP-summable sections of the horizontal subbundle
HS), where Q is an open set of G (Definition . Notice that the space of these fields,
DMP(HSY), with 1 < p < oo, contains divergence-measure horizontal fields that are not BV
even with respect to the group structure (Example . Nevertheless, horizontal fields in
DM™>(H) satisty a Leibniz rule when multiplied by a function of bounded h-variation, that
might be much less regular than a BV function on Euclidean space, see Theorem below.
The loss of Euclidean regularity can be already seen with sets of finite h-perimeter, that are not
necessarily of finite perimeter in Euclidean sense, |79, Example 1]. Sets of finite h-perimeter
are in some sense the largest class of measurable sets for which one can expect existence of
normal traces and Gauss—Green formulas for divergence-measure horizontal fields.

Among our techniques, a special tool is the smooth approximation result given in Theorem
1.3.11], which provides a number of natural properties that are satisfied by the “correct” mollified
function. We obtained it by the noncommutative group convolution (Definition . This
is a well known tool in Harmonic Analysis and PDE on homogeneous Lie groups, [76,/150],
that has been already used to study perimeters and BV functions on Heisenberg groups, [126],
141]. On the other hand, a number of smooth approximations can be obtained in Carnot-
Carathéodory spaces or sub-Riemannian manifolds using the Euclidean convolution, also in
relation to Meyers—Serrin theorem and Anzellotti-Giaquinta approximations for Sobolev and
BV functions, [12,77,78,86,[87,/155].

One should also notice that the minimal regularity of the mollifier p is necessary in order
to have Proposition [1.3.20| and its consequences. Indeed, the mollifier p. can be also built
using a homogeneous distance, that in general may not be smooth even outside the origin.
Theorem [I.3.11] plays an important role also in the proof of the Leibniz rule of Theorem [1.1.1]
The noncommutativity of the group convolution makes necessary a right invariant distance d”®
canonically associated to d and the ‘right inner parts’ of an open set QX , that
appear in the statement of Theorem [1.3.11

Theorem 4.1.1 (Approximation and Leibniz rule). If FF € DM™>(HQ) and g € L>*(Q2) with
|Drg|(Q) < 400, then gF € DM™(HQ). If p € C.(B(0,1)) is nonnegative, p(z) = p(z~!)

and ( )pda: =1, then for any infinitesimal sequence €, > 0, setting g. := p. * g, there exists
B(0,1

a subsequence ¢y, such that g., — § in L>=(Q; |divF|) and (F,Vug.)pn — (F,Dyg) in M(Q).
Moreover, the following formula holds

div(gF) = gdivF + (F, Dug), (4.1.1)
where the measure (F, Dyg) satisfies
((F, Drg)| < [Fllz@|Dugl (4.1.2)
Finally, we have the decompositions
(F,Dug)*n=(F,Vug)p and (F,Dyg)* = (F,Dyg), (4.1.3)
where Vg denotes the approximate differential of g.

In the Euclidean setting, this Leibniz rule has been established in [41, Theorem 3.1] and
[82, Theorem 2.1]. The product rule is the starting point of many of our results. For
instance, applying this formula to F' € DM (HS?) and g = xg, for a set of finite h-perimeter
E € Q, and using Lemma [4.2.6{ one is led to a first embryonic Gauss—Green formula. Here
the pairing (F, Dyxg) has still to be related to suitable notions of normal trace. Indeed, the
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interior and exterior normal traces (F;, vg) and (F., vg), respectively, are defined in Section
through the notion of pairing measure as follows:

(xeF,Duxg) = = (Fi,ve) |Duxel,

N =N =

(XQ\EF, Duxg) = 5 (Fe,ve) |Duxel.

We notice that this definition is well posed, since (xgF, Duxe) and (xo\gF, DuXEg) are ab-
solutely continuous with respect to the perimeter measure thanks to . It is important
to stress that the weak assumptions of Theorem a priori do not ensure the uniqueness
of g and of the pairing (F, Dgg). They may both depend on the approximating sequence. A
first remark is that at those points where the averaged limit of ¢ exists with respect to d®, the
function § can be characterized explicitly (Proposition . However, the appearance of the
right invariant distance d™ prevents the use of any intrinsic regularity of the reduced boundary
(Definition for sets of finite h-perimeter.

Despite these difficulties, a rather unexpected fact occurs, since in the case g = yg and E has
finite h-perimeter, it is possible to prove that the limit Yz is uniquely determined, along with
the normal traces, regardless of the choice of the mollifying sequence p., * xg. The surprising
aspect is that we have no rectifiability result for the reduced boundary in arbitrary stratified
groups. We mainly use functional analytic arguments, the absolute continuity divF < S9!
and the important Proposition that is further discussed below. We summarize these
relevant facts by restating here the main results of Theorem [£.3.13]

Theorem 4.1.2 (Uniqueness of traces). If F € DM™(HS) and E C Q is a set of finite
h-perimeter, then there exists a unique |divF|-measurable subset

EM c Q\ FyE,

up to |divE|-negligible sets, such that

Xe(x) = xpur(z) + ;ngHE(x) for |divF|-a.e. x € Q. (4.1.4)
In addition, there exist unique normal traces
(Five) . (Fe,ve) € L(FuE; | Duxel)
satisfying
div(xgF) = xp.rdivF + (F;,vg) |DuxEel,
div(xgF) = xprruz, gdivF + (Fe,vE) |Daxe|.

Equalities and immediately lead to general Gauss—Green formulas. Indeed,
taking F' € DM™(HS)) and a set of finite h-perimeter E' € €2, it is enough to evaluate
and on 2, and then to exploit the fact that xg F' € DM (HS2), thanks to Theorem m,
and Lemma [4.2.6, In this way, we obtain the following general versions of the Gauss—Green
formulas in stratified groups:

divP(EYF) == [ (Fi,vp) Dyl (4.1.7)
FnE
divF(EY U 7y E) = —/y . (Fesve) d|Daxel. (4.1.8)
FH
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We notice that, as a simple consequence of (4.1.5), we can define EY¥ up to |divE|-negligible
sets, as that Borel set in 2\ .Zy E satisfying

div(xgF)LQ\ FyE =divFL EYF. (4.1.9)

However, it is still an appealing open question to characterize E%f explicitly, namely in geo-
metric terms, or even to prove that the set E'¥" does not depend on the vector field F, as it
happens in the Euclidean context.

Nevertheless, we are able to find different sets of assumptions, involving either the regularity
of E or of the field F, for which EV¥ can be properly detected. This immediately yields
a number of Gauss—Green and integration by parts formulas in the spirit of the well known
Euclidean results.

Before discussing Gauss—Green formulas, it is natural to ask whether normal traces have
the locality property. Rather unexpectedly, also locality of normal traces is obtained without
any blow-up technique related to rectifiability of the reduced boundary. Indeed, the classical
proofs in the literature heavily employ the existence of an approximate tangent space at almost
every point on the reduced boundary of a set of finite perimeter (|8, Proposition 3.2] and
[52, Proposition 4.10]).

In Theorem we show that the normal traces of a divergence-measure horizontal section
F only depend on the orientation of the reduced boundary. It can be seen using the Leibniz
rule established in Proposition [£.3.2] the locality of perimeter in stratified groups proved by
Ambrosio-Scienza [20] and general arguments of measure theory. Another important tool that
somehow allows us to overcome the absence of regularity of the reduced boundary is Proposi-
tion [2.4.2] where we prove that the weak* limit of p. * xg in L>(Q; |Dyxg|) is precisely 1/2,
for any set £ C G of finite h-perimeter and any symmetric mollifier p. This proposition can
be proved by a soft argument borrowed from [10, Proposition 4.3]. It seems quite interesting
that this weak* convergence comes from an analogous study in the infinite dimensional setting
of Wiener spaces and it does not require any existence of blow-ups.

Proposition 2.4.2] together with Remark [2.4.4) and Lemma [2.4.5] is fundamental in proving
the refinements and of the Leibniz rule, along with the uniqueness results of
Theorem [£.1.2] Furthermore, Proposition [2.4.2] immediately leads to the ‘intrinsic blow-up
property’ (Lemma , that is fundamental to prove the estimates of Proposition for
the normal traces of F' € DM™ (). We point out that the names of interior and exterior
normal traces can be also justified by the same estimates and . We stress
that the proofs of this result in the Euclidean literature rely on De Giorgi’s blow-up theorem,
see [52, Theorem 3.2, while Proposition when the group is commutative, provides an
alternative proof.

Returning to Gauss—Green formulas, we observe first that when %y FE is negligible with
respect to |divF| (Theorem[4.4.5]), then the interior and exterior normal traces coincide. In par-
ticular, we can define the average normal trace (F,vg) as the density of the pairing (F, Dy xk)
with respect to the h-perimeter measure |Dpyxg|, according to Definition m Thanks to
(4.3.46)), it is immediate to observe that

<.F, VE> _ <~Fi7VE> —;_ <~F€7VE>‘

As a result, when |divF|(Z#gE) = 0, we have (F;, vg) = (F.,vg) = (F, Vg), so that there exists
a unique normal trace and the Gauss—Green formula holds.

In case the divergence-measure field F is continuous (Theorem [£.4.7), then the Gauss—Green
formula holds and the normal trace has an explicit representation by the scalar product
between the field F' and the measure theoretic unit interior h-normal vg.
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A first important consequence of the previous theorems is a Gauss—Green formula for hori-
zontal fields with divergence-measure absolutely continuous with respect to the Haar measure
of the group. Such a result could be also achieved from a modified product rule with additional
assumptions on divF', but we have preferred to start from a more general Leibniz rule and then
derive some special cases from it.

Theorem 4.1.3. Let FF € DM™(HQ) such that |divF| < p and let E € Q be a set of finite
h-perimeter. Then there exists a unique normal trace (F,vg) € L>(Q;|Dyxe|) such that there

holds
divF(E) = — / (F.vg) d|Dyxs. (4.1.10)
FuE
The key point is to show that E' can be replaced by E, namely, to prove that their
symmetric difference is |divF|-negligible. The Gauss—Green formula naturally leads to
the following integration by parts formula.

Theorem 4.1.4. Let F' € DMy, (HQ) be such that |divF| < u, and let E be a set of locally
finite h-perimeter in Q. Let p € C(Q) with Vg € Li (HQ) such that

supp(pxe) € Q.

Then there exists a unique normal trace (F,vg) € LS. (Q; |Duxr|) of F, such that the following
formula holds

/@ddivFJr/ (F, V) dr = —/ 0 (F,vg) d|Duxsl. (4.1.11)
E E F

Jg )

We notice that the assumption |divF| < p is very general in the sense that it is satisfied
by F € W;I’foc(HQ), for any 1 < p < co. Moreover, it clearly implies |divF|(Z#yE) = 0, which
means that the divergence-measure is not concentrated on the reduced boundary of F, and
thus there is no jump component in the divergence. It is also worth to point out that both

(4.1.10) and (4.1.11]) hold also for sets whose boundary is not rectifiable in the Euclidean sense
(Example 4.5.2)).

If we slightly weaken the absolute continuity assumption on divF', requiring instead
|divF|(057E) = 0,

where QERE is the measure theoretic boundary of E with respect to the right invariant distance
d® (1.3.28), we are able to prove that E** is equivalent to E*®; that is, the measure theoretic
interior with respect to d”®. As a consequence, we can derive a modified Gauss-Green formula
(Theorem and related statements.

Finally, other versions of the Gauss—Green theorem and integration by parts formulas can
be obtained in the case the set £ C G has finite perimeter in the Euclidean sense. Here it
is important to investigate the behavior of the Euclidean pairing of a field F' € DM>(HQ)
and a function g € BV(Q2) N L>*(Q2). Let us remark that, even if the family DMP(HQ) with
1 < p < oo is strictly contained in the known space of divergence-measure fields (Section ,
the known Euclidean results could only prove that the Euclidean pairing measure (F, Dg) is
absolutely continuous with respect to the total variation |Dg|. This result does not imply
the absolute continuity of the pairing with respect to |Dpygl, since this measure is absolutely
continuous with respect to |Dg| while the opposite may not hold in general.

In Theorem we refine the classical results on (F, Dg), proving that, up to a restriction
to bounded open sets,

[(F, Dg)| < || Flzoe(en| Drgl.
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For this purpose, we have used the Euclidean convolution to compare the Euclidean pairing
with the intrinsic pairing in the stratified group. While no exact commutation rule between
the horizontal gradient and the Euclidean convolution holds, it is however possible to use an
asymptotic commutator estimate similar to the classical one by Friedrichs [83], see also [86].
Thanks to the above absolute continuity, we can actually prove that, given a set of Euclidean
finite perimeter £, the group pairing (F, Dgxg) defined in Theorem is actually equal to
the Euclidean pairing (F, Dxg), according to Theorem . An important tool used in the
proof of this result is Theorem [4.2.7, which states that |divF| < 97! if F € DM.(HQ).
This property of divE allows us to show in Theorem W that we have £ = E|, up to a
|divF’|-negligible set, where we denote by Eh the Euclidean measure theoretic interior of E;
that is, the set of points with density 1 with respect to the balls defined using the Euclidean
distance in the group. These results allow us to prove the following Leibniz rules and integration
by parts formulas for sets of Euclidean finite perimeter in stratified groups.

Theorem 4.1.5. Let F' € DM (HQ) and E C Q be a set of Euclidean locally finite perimeter

loc
in §), then there exist interior and exterior normal traces (Fi, vg) , (Fe,VE) € Lis.(%; |DuxE|)

loc
such that, for any open set U € €2, we have

div(xgF) = xgy divE + (Fi,ve) |Duxel, (4.1.12)
div(xsF) = X} uzye WVE + (Fe, vp) [Duxal, (4.1.13)
X7yr AvE = ((Fi,vE) — (Fe, ve)) [Duxel (4.1.14)

in M(U). Moreover, we get the trace estimates

| (F3, vE) | Lo (Zn B Daxsl) < || F |l (2nuy,

H <f€’ VE> HLOO(yHEmU;‘DHXED < HF||L°°(U\E)‘

For any ¢ € C(Q) with Ve € L. (HQ) such that supp(pxr) € Q, we have
|, pddivF+ [ (F.Vup)do=~ [ o(Five) diDaxsl, (4.1.15)
Eh E FuyE

/ gpddivF—i—/ (F,Vgp) dx = —/ o (Fe,vg) dDgxEel|. (4.1.16)
E‘l'lLJyHE E FuE

Formulas (4.1.11]) and (4.1.15) extend Anzellotti’s pairings to stratified groups in the case
the BV function of the pairing is the characteristic function of a finite h-perimeter set. Indeed, if

we take F to be an open bounded set with Euclidean Lipschitz boundary, as in the assumptions
of |23, Theorem 1.1], then it is well known that Eh = FE. Thus, for this choice of E, it is clear
that and are equivalent to definition of (interior) normal trace of Anzellotti;
that is, the pairing between F' and Dxpg (see |23, Definition 1.4]).

Let us point out that Theorem is new even when seen in Euclidean coordinates, since
the measures appearing in the Leibniz rules are in fact absolutely continuous with respect to
the h-perimeter.

In the assumptions of Theorem [(.1.5 if F € €, taking the test function ¢ = 1 in both

(4.1.15) and (4.1.16]), we get the following general Gauss—Green formulas

divF(E},) = —/y _(Fuvi) diDixel (4.1.17)
;.

divF(E}|U FyE) = — /j _(Fevs) diDixl (4.1.18)
7H
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Analogously, the estimates on the L*-norm of the normal traces are similar to those in ((3.1.5)).
When the vector field F is C*' smooth up to the boundary of a bounded set £ € Q of Euclidean
finite perimeter, then all (4.1.10]), (4.1.17) and (4.1.18)) boil down to the following one

) B B H
/Edldex— —/ﬂ (F,vp) d|Dyys| = —/ﬂ (F.N})d|Dxgl, (4.1.19)

where Nff =37 | (N, Xj)p, X, is the non-normalized interior horizontal normal, G is linearly

identified with R (Section , (-,-)pa denotes the Euclidean scalar product, Ng is the

Euclidean measure theoretic interior normal, |Dyg| is the Euclidean perimeter and .# F is the

Euclidean reduced boundary. In the special case of the proof is a simple application

of the Euclidean theory of sets of finite perimeter, see for instance [47, Remark 2.1].
Equalities of can be also written using Hausdorff measures, getting

divF dz = —/ FNDT) gt — —/ Fug) ds9 . 4.1.20
/E e }?E< E> I 7E< VE> ( )

The first equality is a consequence of the rectifiability of Euclidean finite perimeter sets |64]
and the second one follows from [113], when the homogeneous distance d constructing .79~ is
suitably symmetric. For instance, when E is bounded, OF is piecewise smooth and F is a C1
smooth vector field on a neighborhood of E, then (4.1.19) and hold and the reduced
boundary % E can be replaced by the topological boundary dF, coherently with the classical
result .

For smooth functions and sufficiently smooth domains, Green’s formulas, that are simple
consequences of the Gauss-Green theorem, have proved to have a wide range of applications in
classical PDE’s. In the context of sub-Laplacians in stratified groups these formulas play an
important role, [28,133].

As a consequence of our results, we obtain a very general version of Green’s formulas in
stratified groups. Precisely in the next theorem, (4.1.21)) and (4.1.22)) represent the first and
the second Green’s formulas, where the domain of integration is only assumed to be a set with
Euclidean finite perimeter and the sub-Laplacians are measures.

Theorem 4.1.6. Let u € C}(Q) satisfy Agu € Mioc(Q) and let E C Q be a set of Fuclidean
locally finite perimeter in Q. Then for each v € C.(Q) with Vyv € L'(HQ) one has

/ vdAgu = — v (Vgu,vg) d|Dyxg| —/ (Vyv, Vyu) d. (4.1.21)
Eh FIuE E

If u,v € Cl . (Q) also satisfy Agu, Agv € M(Q), one has

/ vdAgu — udApv :/ (uVyv —ovVygu,vg) d|Dyxel|- (4.1.22)
El

I Tl
If E € (), one can drop the assumption that u and v have compact support in 2.

These Green’s formulas are extended in Theorem [£.5.3]to sets of h-finite perimeter, assuming
that the sub-Laplacian is absolutely continuous with respect to the Haar measure of the group.

The chapter is structured as follows: in Section [4.2] we introduce the divergence-measure
horizontal fields and we present some of their first properties, including the absolute continuity
with respect to Hausdorff spherical measure (Theorem . Then, we prove the Leibniz rule
(Theorem for the essentially bounded case, together with some refinements in special
cases. In Section the normal traces for essentially bounded horizontal divergence-measure
fields on the boundaries of sets with finite h-perimeter are defined, their relation with the Leibniz
rules is explored and their locality properties are established (Theorem . In addition, the
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existence and uniqueness of measure theoretic interior and exterior of a set of finite h-perimeter
E with respect to the divergence-measure field F', EYF and E%F, are established in Theorem
[4.3.13] Then, by exploiting the Leibniz rules, we obtain the uniqueness also of the normal traces,
thus paving the way for the general Gauss—Green and integration by parts formulas (Theorem
m and Theorem , presented in Section In this section we also prove that, if the
horizontal field is continuous, the interior and exterior normal traces coincide with the scalar
product associated with the invariant Riemannian metric. Finally, we consider some special
cases. In Section we deal with horizontal fields whose divergence is absolutely continuous
with respect to the Haar measure of the group, and with a slightly more general assumption
on the concentration properties of the divergence measure. Instead, Section deals with the
case of sets with Euclidean finite perimeter.

4.2 Divergence-measure horizontal fields

In this section we will introduce and study the function spaces of p-summable horizontal sections

whose horizontal divergence is a Radon measure. In the sequel, €2 will denote a fixed open set
of G.

4.2.1 General properties and Leibniz rules

By a little abuse of notation, for any p-measurable set £/ we shall use the symbols ||F||zr ()

and ||F|| (g with the same meaning as in ([1.3.1)) and (1.3.2)).

Definition 4.2.1 (Divergence-measure horizontal field). A p-summable divergence-measure
horizontal field is a field F' € LP(H(2) whose distributional divergence divF' is a Radon measure
on 2. We denote by DMP(HQ) the space of all p-summable divergence-measure horizontal
fields, where 1 < p < co. A measurable section F' of H) is a locally p-summable divergence-
measure horizontal field if, for any open subset W &€ Q, we have F' € DMP(HW). The space
of all such section is denoted by DM}, (HQ).

loc

It is easy to observe that, if F' =71, F;X; and F; € LP(Q) N BVy(Q2) forall j =1,...,m,
then F' € DMP(HQ). We also notice that, from and ([1.3.13)), the divergence-measure
horizontal fields forms a subspace of the whole space of divergence-measure fields. Hence,
if we denote by T the tangent bundle of €2, we have DMP(HQ) C DMP(TNQ), for any
p € [1,00], where DMP(TQ) denotes the classical space of divergence-measure fields with
respect to the Euclidean structure fixed on G. Actually DMP(HQ) is a closed subspace of
DMP(TQ), according to the next remark.

Remark 4.2.2. As in the Euclidean case (|41, Corollary 1.1]), DMP(HS2) endowed with the
following norm
| Fllome ey = 1 Fllre@) + [divE|($2)

is a Banach space. Any Cauchy sequence {F}} is clearly a Cauchy sequence in LP(H(2), and
so there exists F' € LP(H) such that F, — F in LP(H(2). Then, the lower semicontinuity
of the total variation and the property of the Cauchy sequence yield F' € DMP(HQ) and
|div(F — F})|(©2) — 0.

The following example shows that fields of DMP(H(2) may have components that are not
BV functions. It is a simple modification of an example of Chen and Frid, see [42, Example
1.1].
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Example 4.2.3. Let G = H!', be the first Heisenberg group, equipped with graded coordinates
(x,y, z) and horizontal left invariant vector fields X; = 0; — y05 and Xy = 0y + x05. We define
the divergence-measure horizontal field

F = si
(#,y,2) = sin (m —

)(Xl + Xa).
It is plain to see that F' € L°(HH'), and that

1 1
divF:Xlsin< >+ngin< >: ,
r—y r—y

in the sense of Radon measures, but the components of F' are not BV'.

Remark 4.2.4. We notice that, for a given F' € DMP(TSQ), if we denote by Fy its projection on
the horizontal subbundle with respect to a fixed left invariant Riemannian metric that makes
Xi, ..., X, orthonormal, we may not get Fg € DMP(HQ). Let us consider the Heisenberg
group H' identified with R3, as in the previous example, along with the vector fields X;, X,
and define X3 = 0;.

Let us consider the following measurable vector field

Gz, y,2) = sin ( )(81 + 0, + 8y,

r —z

We clearly have G € DM™(TH'), i.e. G is a divergence-measure field. However, if we consider
its projection onto horizontal fibers

Gy(x,y,z) :sin( )(X1+X2),

r—z

for any x # z, we have

1 1
divGy(z,y, 2) —_—*r+y ( ),

(x — 2)? B\r 2

which is not a locally summable function in any neighborhood of {z = z}. This shows that

divGy ¢ M(H').
We show now an easy extension result (see also [52, Remark 2.20]).

Remark 4.2.5. If 1 < p < oo and F € DMP(H) has compact support in €2, then its trivial
extension

) if 1€G\Q,

belongs to DMP(HG). Indeed, since F' € LP(HG) and for any ¢ € C®(G) and a fixed
¢ € C(Q) that equals one on a neighborhood of the support of F', we have

/G<F, Vuo)de = /QU%, V) dx
= [(F.Vu(&o)) do+ [ (F,Vu((1-€)9))da (42.1)
- —/qud(divFl_é) - —/qud(divFl_f),
where we denote by divF'L £ the signed Radon measure on G such that

divFLE(E) = £ ddivF
QnE
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for every relatively compact Borel subset E C G. Thus, we have shown that F' € DMP (HG)
and divE = divF L& The equalities of (4.2.1]) imply that the restriction of divE to Q coincides
with divF and in particular |divE|(Q ) |d1VF]( ). The same equalities also imply that

|divE|(G\ Q) = 0.

As a consequence, we can prove the following result concerning fields with compact support,
which can be seen as the easy case of the Gauss—Green formula, since there are no boundary
terms. A similar result has been proved in the Euclidean setting in |52, Lemma 3.1].

Lemma 4.2.6. If 1 <p <oo and FF € DMP(HQ) has compact support in 2, then
divF(Q) = 0.

Proof. Since F' has compact support in €2, the extension F' defined in Remark shows that
F € DMP(HG), divF = divF as signed Radon measure in Q and divF is the null measure
when restricted to G \ 2. As a consequence, if ¢ € C°(G) is chosen such that ¢ = 1 on a
neighborhood of €2, then

/G ¢ ddivE = /Q ddivE = divF(9).

By definition of distributional divergence, there holds

/G $ddivE = — /Q (F, Vo) dz =

since F' has support inside €2 and ¢ is constant on this set. This concludes the proof. O

We show now a result concerning the absolute continuity properties of divF with respect to
the #“-measure, for a suitable a related to the summability exponent p. This is a generalization
of a known result in the Euclidean case ([144, Theorem 3.2]).

Theorem 4.2.7. If ' € DM, .(HQ) and 5= < p < +o0, then |divF|(B) = 0 for any Borel
set B C Q of o-finite 2P measure. pr o0, then |divF| < 971

Proof. Let 7% < p < +o0. It suffices to consider a Borel set B such that S (B) < oo.
We can use the Hahn decomposition in order to split B into B, U B_, in such a way that
+divFL By > 0, thus reducing ourselves to show that divF(K) = 0 for any compact set
K C By. Without loss of generality, we consider K C By. Let ¢ : G — [0, 1] defined as follows

ifd(z,0) < 1
o(x) =492 —d(z,0) ifl <d(x,0)<2.
ifd(z,0) > 2

It is clear that ¢ € Lip,(G), therefore it is also differentiable p-a.e. with |Vge| < L for some
constant L > 0, by Theorem [I.2.5]
We notice that since .7977(K) < oo, then pu(K) = 0. This implies that for any ¢ > 0 there
exists an open set U € § such that K C U and ||F|r@) < €, because |F| € L{ (). In
addition, we can ask that such an U satisfies |divF|(U \ K) < ¢, because of the regularity of
Radon measures.
It is clear that there exists § > 0 such that for any 0 < 2r < § and for any open ball B(z,r)
which intersects K we have B(x,2r) C U. Then we can select a covering of K (which can
be also taken finite by compactness) of such balls {B(x;,7;)};es and so, by the definition of
spherical measure, we have

S ¢ < SR+ 1,

jeJ
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for 0 small enough.

We set @; () := (61, (x; ') and ¢ () := sup{yp;(z) : j € J}. It is easy to see that 0 < ¢ < 1,
¢; is supported in B(azj,27’j) Y € Lip.(Q2), supp(¢)) C U and ¢» = 1 on K. Then, by Remark
[1.3.9, we have

divF(K) = / b ddivE = — / (F, Vi) do — / b ddivF,
K U U\K
which implies
divE(K) < [|Fllee@an IV e | 1o ) + € < eUIVEY| 1 1) + 1)-

Since 1 is the maximum of a finite family of functions, we have V Hw(x) = V() for some
j € Jand pa.e. x € Q. Indeed, Theorem [1.2.5shows that Lipschitz functions are differentiable
p-a.e., moreover, ¥(x) = ¢;(z) in the open set {¢; > ¢;, Vi # j}, while Vyo;(x) = Vye(2)
for p-a.e. x on the set {; = ¢;}. Then

LIVl ar <3 [1Vupl de =Y [ Vagil da
jed jeg /Blaj2r;)
< 29u(B(0,1)) L7 S r¢ T < 29LF u(B(0,1)) (L9 (K) + 1),
j€J
This implies
Q 1
0 < divF(K) < e(1 + 27 Lu(B(0,1))7 (9P (K) + 1)
and, since ¢ is arbitrary, we conclude the proof.

In the case p = 0o, we proceed similarly by considering a Borel set B such that .7%~*(B) = 0
and a compact subset of B.. For any € > 0, there exists an open set U satisfying K C U & ()
and |divF|(U \ K) < ¢, as before. Now, there exists a § > 0 small enough such that we can
find a finite open covering {B(xz;,7;)}jes, 2r; < 6, of K, which satisfies >, ; 7"]6?2_1 < g, and
B(xzj,2r;) C U whenever B(x;,r;) N K # (.

It is clear that

e

)

' /U (F, V1)) da

<N Fllpee@n Va2

and that
/ |VH¢|dx<Z/ ]Vmpﬂdx—Z/ \V ;| dx
jeJ jeJ (x;,2r5)
< 29Lu(B(0,1) Y r? " < 29Lu(B(0,1))e.
jeJ

Thus, we conclude that
divF(K) = — /U (F, V) dz — /U\K YddivE < e(1+ 22Lu(B(0, )| F |l 1~),

which implies divF'(K) = 0, since ¢ is arbitrary. O

We notice that there is a precise way to compare .97 and the Euclidean Hausdorff mea-
sure %ﬂj‘_p " on a stratified group G of topological dimension ¢, as shown in [25]. In particular,
[25, Proposition 3.1] implies that

SOV < AT
This shows that Theorem is coherent with the Euclidean case (|144, Theorem 3.2]), and
that the divergence-measure horizontal fields have finer absolute continuity properties than the
general ones.

Now we prove a first case of Leibniz rule between an essentially bounded divergence-measure
horizontal field and a scalar Lipschitz function, whose gradient is in L*(HS).
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Proposition 4.2.8. If F € DM>(HQ) and g € L>®(Q) N Lip;,.(Q), with Vg € L'(HQ),
then gF € DM™(HSY) and the following formula holds

div(gF) = gdivF + (F,Vgg) . (4.2.2)
Proof. 1t is clear that gF € L>°(HQ). For any ¢ € C}(Q) with ||¢||p~) < 1, by Remarks

and [1.3.9] we have
| (9F. Vo) dv = [ (F.Vulg0)) dr = [ 6 (F,Vug) da
—— [ 6gddivF - [ 6(F,Vug) dx,
Q Q

which clearly implies that gF" € DM>(HQ) and (4.2.2)) holds. O

We have now all the tools to establish a general product rule for essentially bounded
divergence-measure horizontal fields and BVy functions, see Theorem [L.1.I} This is one of
the main ingredients in the proof of the Gauss—Green formulas.

Proof of Theorem[{.1.1. We notice that (4.2.2)) holds for every g. with ¢ > 0 and we also have
|9-(2)] < ||gll 2o for any = € Q. The family {gz,} is then equibounded in L>(;|divF|) and
there exists § € L>(£;|divF|) and a subsequence & — 0 such that g., — g. It follows that

/ g, ddivF — / G ddivF
Q Q

for any ¢ € L'(;|divF|). In particular, the previous convergence holds for any ¢ € C.(Q),
and so g., divF — gdivF in M(Q).
Now we show that {div(g.F)} is uniformly bounded in M(£): by (4.2.2)), we obtain that

’/{ﬁddiv(%ﬂ‘ < ‘/qugg ddivF‘ + ‘/Q‘MF’ Vi) do

< [l zoe @ lglloe (@ [divE () + [|Fl[ (@) /Q 611V 11g:| de.

As a result, considering supp(¢) C Q¥ by (1.3.20] m we conclude that
|div(g-F)|(232) < gz [divE|(Q) + [ Fl| L= ()| Drrg | (2). (4.2.3)

We have shown that {div(g.F')} is uniformly bounded in M (') for any open set ' € 2, and
so up to extracting a further subsequence that we relabel as e, the sequence {div(g., F')} is a
locally weakly* converging subsequence. However, it is clear that div(g., F') weakly* converges
to div(¢gF') in the sense of distributions, and that C2°(Q2) is dense in C.(€2). Therefore, by
uniqueness of weak* limits, we conclude that div(g., F') — div(gF') in M(€2).

Thus, (F,Vpug.,) is weakly* convergent, being the difference of two weakly* converging
sequences, and taking into account we get

(F,Vug.,)— (F,Dyg) :=div(gF) — gdivF. (4.2.4)

In relation to (F, Dyg), we first argue as in Lemma m For any ¢ € C.(Q2), we have

¢ d(F, DHQ)‘ = lim
Q

er—0

| 6 (FVnge.) do| < | Fllieio) imsup [ [6l|Vig.,|do
€k~>

< 1Pl timsup | [9](p-, * | Dugl) da

= [Fllz=@ lim | (pe, *[6]) dIDrgl = || Fll=o /!¢|d|DHg|

118



where the second inequality follows by (1.3.19)), since supp(¢) C QX for g;, small enough. The
subsequent equality is a consequence of (|1.2.18)), therefore proving (4.1.2)). The decomposition

(1.3.8)) in our case yields

Dyg =Vugpu+ Dyag,

where Vg is also characterized as the approximate differential of g, [17, Theorem 2.2]. We
aim to show that

(F. Dug)*n=(F,Vug)p and (F,Dyg)® = (F,Dyg),

for some measure (F, D%;g) € M() that is absolutely continuos with respect to |D%;g|. Indeed,
by ([1.3.14) we get Vgg. = p. * Dy g on € for every fixed open set €' € 2 and ¢ > 0 sufficiently
small. On this open set we have

<F7 vHQe) - <F7 Pe * ng) + <F7 Pe * D?{g> (425)

By Lemma the measures (F), p. * D3;g) pu are uniformly bounded, so that possibly selecting
a subsequence of ¢, denoted by the same symbol, there exists (F, D3 g) € M(2) such that

(' pe, * Diyg) i — (F, Dyg)
and applying again Lemma [1.3.6 we get
|(F, Dy g)| < [1F|| o) |D3g]- (4.2.6)

Since Vg € LY(HSQ), we clearly have p. * Vg — Vgg in L'(HQ), which yields the following
weak* convergence

(F,pe xVug) p— (F,Vug)p
in M(Q). Since holds on every relatively compact open subset of {2, we get
(F.Dug) = (F,Vug) p+ (F, Dyg). (4.2.7)
Due to the previous sum is made by mutually singular measures, then showing that
(F,Dug)*n=(F,.Vug)p and (F,Dpg)* = (F, Dyg),

hence (4.1.3]) holds. O

Proposition 4.2.9. Let F € DM>(HQ) and let g € L>®(Q) with |Dyg|(Q) < 4o0. If we
define g. := p. * g using the mollifier p of Proposition |1.3.20}, then any weak® limit point
g € L>(; |divF]) of some subsequence g., satisfies the property

g(x) = g"%(z) for |divF|-a.e. x € C’f.

In addition, if g € L®(Q)NC(Q) and Vg € L'(HQ), then §(z) = g(z) for |divF]|-a.e. x €
and

div(gF) = gdivF + (F,Vug) p. (4.2.8)
Proof. Let g., — g in L*=(£2;|divF]). By Proposition [1.3.20, we know that g., () — ¢*%(x)
for any = € CJ*. If we choose as test function ¢ = Xcr, for some ¢ € LY (Q; |divF|), we have

/ 9., ddivF = / Vg, ddivF — / bR ddivF
Q CR CR

by Lebesgue’s theorem with respect to the measure |divF|. Since ¢ is arbitrary, this implies
g(z) = g*R(x) for |divF|-a.e. x € CF. Let now g € L>(Q) N C(Q) with Vg € L'(HQ). Tt
is clear that g(z) = g(z) for [divF|-a.e. = € , since g*®(x) = g(x) for any x € Q, being ¢
continuous. In addition, since Dy g has no singular part, implies immediately . O
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Remark 4.2.10. We stress that in Theorem the pairing term (F, Dyg) depends on the
particular sequence g, , and therefore on g. In order to obtain uniqueness, one should be able
to show that there exists only one accumulation point § of g.. For instance, this happens in
the Euclidean case G = R", in which § = g*(= ¢*®) 2" '-a.e. However, it is possible to
impose some more conditions on the measures divF and |Dyg| under which g and (F, Dyg)
are uniquely determined.

Corollary 4.2.11. Let F € DM™(HQ) and let g € L>(Q2) with |Dypg|(2) < +oo. Let div’F
and D5;g be the singular parts of the measures divF and Dyg. If we also assume that |div®F|
and |D%g| are mutually singular measures, then we have

div(gF) = (gdiv"’F + (F,Vyg) )i + §divF + (F, D3,g), (4.2.9)

where g € L®(Q;|divF|) and (F,Dyg) € M(Q) are defined as in Theorem and the

singular measures g div’F and (F, D%;9) are uniquely determined by g and F. In particular, if
|divF| < i, we have

div(gF) = (9divF + (F, Vizg) )+ (F, Diyg). (4.2.10)

Proof. It is well known that we can decompose the measures divF and (F,Dgg) in their
absolutely continuous and singular parts. By Theorem .11 we know that

div(gF) = (3divF + (F,Vyg) )i + §divF + (F, D3;g).

Since g. converges to g in Li .(Q) for any mollification of g, we clearly obtain §div'Fu =
g div®Fu in the sense of Radon measures. It follows that (4.2.9) holds and clearly

GdivE + (F, Diyg) = div(gF) — (g div'F + (F, Vrg) ).

We have shown that the singular measures on the left hand side are uniquely determined by g

and F', since the right hand side is uniquely determined and the two measures are also mutually

singular. Indeed we have |(F,D%9)| < [[F| re@)|Dyg| by Theorem 4.1.1 To conclude the
proof, we observe that the condition |divF| < u clearly gives div®F' = 0, so (4.2.10)) immediately
follows. 0

Remark 4.2.12. It is clear that one can obtain (4.2.10) if we have F' € L>*°(H(2) with divF €
LY (Q) and g € L>=(2) N BVE(Q).

Remark 4.2.13. Under no additional assumption on F' € DM (HQ)) and g € L*(Q)) with
|Dpgl(€2) < 400, we can always decompose the term gdivF. Indeed, we have

~ 1: o s a *R 1:.8 R ~ 1:. 8 R
gdivE = gdiviFpu + ¢»" diviFL O + gdiviFL(Q\ CF). (4.2.11)

Then, it follows that gdivF is uniquely determined by divF and g if [div®F|(Q\ CF) = 0.

4.3 Interior and exterior normal traces

In this section we introduce interior and exterior normal traces for a divergence-measure field.
The absence of sufficient regularity for the reduced boundary (Definition does not guar-
antee their uniqueness a priori. However, the next section will present different conditions that
lead to a unique normal trace and a corresponding Gauss—Green theorem.
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Let FF € DM™(HQ) and E C € be a set of finite h-perimeter. Let p € C.(B(0,1)) be a
nonnegative mollifier satisfying p(x) = p(z~!) and [pdxr = 1, and &, be a suitable vanishing
sequence such that

(XEF, pe, * Duxe) it — (XeF, Duxe)

in M(Q). 4.3.1
<XQ\EF: Pey, * DHXE> = (xo\eF, DuxE) i M(Q) ( )

The existence of such converging subsequences follows from Lemma [I.3.6] which implies also
the estimates

|(XeF, Duxe)| < [|[F||Le@E) |[PDuxe| and
|(xa\e ', Duxe)| < || F||re@e) |PDaxel- (4.3.2)

It is worth to mention that another definition equivalent to (4.3.1)) is possible. Employing

formula (|1.3.14)), we obtain

<XEF7 Pey, * DHXE> = <XEF7 VH(pék * XE)>

<XQ\EF, Pey, * DHXE> = <XQ\EF, VH(pEk " XE)> in QF

2ep "

(4.3.3)

We point out that the measures at the right hand side in (4.3.3)) are not defined on the whole
2, while this is true for those at the left hand side. However, arguing as in Remark [1.2.11] we
can see that the weak* convergence (4.3.1)) is equivalent to the weak* convergence

4.3.4
<XQ\EF7 Vi (pe), * XE)> = (xo\eF, DuXE). ( )

It is important to stress that at the moment the “pairing measures” (xgF, Dyxg) and
(XQ\EF . Dy xr) may depend on the choice of the sequence ¢;, and also on the mollifier p.

We are now in the position to define the interior and exterior normal traces of F' on the
boundary of E as the functions (F;,vg), (Fe,ve) € L=(;|Dyxg|) satisfying

2(xeF, Duxe) = (Fi,ve) [Duaxel,
2(xa\eF, Daxe) = (Fe,ve) | DuXE|-
Since pg, * xg is uniformly bounded, up to extracting a subsequence, we may also assume that
Pep ¥ XE — XE in L®(Q;|divF)|). (4.3.7)
This allows us to define the sets
E''={xeQ:xpx)=1} and E°:={zeQ:yg(x)=0} (4.3.8)

to be the measure theoretic interior and the measure theoretic exterior of E, respectively, with
respect to F' and xg. We may also define an associated reduced boundary

FuE =FyE\ (E'UE). (4.3.9)

We wish to underline again the fact that these notions heavily depend on g, which is not
unique, a priori, since it depends on the choice of the sequence p., * xg.

In the sequel, we will refer to the above sequence ¢, or possible subsequences, such that
and hold. Notice that despite this dependence we will provide conditions under
which the limit measures of and the sets of (4.3.8) and (4.3.9)) prove to have an intrinsic
geometric meaning.
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Remark 4.3.1. By (4.3.1), observing that p., * Duxp = —p-, * Duxo\g, We also get the
following equalities

(xe\eF, Duxe) = —(xa\eF, Duxo\r)-

We conclude that the normal traces of F' on E and 2\ E satisfy the following relations

<‘E7VE> :_<‘F€;VQ\E> a’nd <f67VE> :_<‘E7VQ\E>
We employ now the Leibniz rule (Theorem [4.1.1]) and (4.3.1)) to achieve the following result,

which is a key step in order to prove the Gauss—Green formulas.

Proposition 4.3.2. Let F' € DM™(HQ) and E C § be a set of finite h-perimeter, then the
following formulas hold

div(xgF) = xXgdivF + (F, Duxg), (4.3.10)
. 9. 1
div(xgF) = (Xg)*divF + §(Fa Duxe)+ (xeF, Duxe), (4.3.11)
_ . 1 1

in the sense of Radon measures on ), where xg € L>®(8Q;|divF|) is defined in (4.3.7)).

Proof. By Theorem [£.1.1] applied to F' and ¢ = xg, up to extracting a subsequence, we can
assume that the choice of ¢, leads to (4.3.10]) in analogy with Theorem We observe that
div((p-, * xg)xeF) — div(x3F) = div(xegF),

as measures, since y% = xg. By (4.2.2), (4.3.10) and (1.3.14)), we get the following identities

of measures on QF :

div(E'XE(p=y, * XE)) = (pey, * xp)AV(XEE) + (X5, Vi (pe, * XE)) 1 (4.3.13)
= (pe, * XE)XEAIVE + (ps, * X£)(F, DuXE) (4.3.14)
+ (XEF, pe, * DuXe) 1.

Recall that our subsequence ¢y is chosen such that both (4.3.7) and (4.3.1) hold. In view of
« 1
(2.4.2), we have (pe, * x5) = 5 € L%(|Drxpl). By (@1.2) we get
|(F, Duxe)| < [|Fl|Loe @) Drxel

and we observe that the definition of (F, Dyxg) from Theorem fits with the definitions
(4.3.1]), thanks to (4.3.4)), getting the obvious identity

(F,Duxg) = (xgF. Duxs) + (xo\eF. Duxs)- (4.3.15)
Remark 2.4.4] shows that
1
(pe * XE)(F, Duxg) — §(F, Duxe).

All in all, by passing to the weak™ limits in (4.3.13]), we get (4.3.11]). Subtracting (4.3.11]) from
(4.3.10) we have

— N\ . 1
From (4.3.16)) and (4.3.15) we get (4.3.12)). [
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Remark 4.3.3. In the assumptions of Proposition [4.3.2 joining (4.3.12)), (4.3.5) and (4.3.6]),
we get the following equality

‘anE> - <‘F67VE'>
4

(1 = Ya)divF = 3 \Dyrxsl- (4.3.17)

We now prove sharp estimates on the L>-norm of the normal traces. Let us point out that

such estimates could not be obtained directly from (4.3.2)), employing (4.3.5) and (4.3.6). A

more refined argument is necessary, involving the differentiation with respect to the h-perimeter
measure.

Proposition 4.3.4. If F € DM®(HQ) and E C Q) is a set of finite h-perimeter, then
1 {Fs, ve) o= (zw 21Dmxe) < 1F |2, (4.3.18)
1 {Fe, vi) | ooz i Daxet) < NE Nl oo, (4.3.19)
where the interior and exterior normal traces of F are defined in (4.3.5)) and (4.3.6).

Proof. By Theorem [1.3.16| the perimeter measure |Dgxg|(-) is a.e. asymptotically doubling.
Therefore the following differentiation property holds (see |72, Sections 2.8.17 and 2.9.6]): for
Dyxg-a.e. x € ZyFE one has

vy i 20 Duxe) (B(x, 1))
(Fi,ve) () = lim Doxsl(Blr)

Let &5 be the sequence defining (4.3.1]) and (4.3.7). By ((1.3.10), we obtain that the sequence

| (XgF, ps, * Duxg) |p is uniformly bounded in M(2). Thus, there exists a weak* converging
subsequence, which we do not relabel. Let the positive measure \; € M(2) be its limit.

In an analogous way, one can prove that the measures |<XQ\EF, Pe, * DHXE> | are uni-

formly bounded in M(£2). So there exists a weak® converging subsequence, which we do not
relabel again, and whose limit is the positive Radon measure A, € M(2). We also observe
that the sequences xg|ps, * Duxe|p and xo\g|ps, * Daxe|p are bounded in M(2) and that,
if v € M(Q) is any of their weak® limit points, then v < |Dyxg|, due to (1.3.18)).

We can choose a sequence of balls B(z, ;) with 7; — 0 in such a way that

|Duxe|(0B(z,1;)) = Mi(0B(x, 1)) = A(0B(x,r;)) =0

for all j. As a result, taking into account |11, Proposition 1.62] and (4.3.1)), we have

lim 2 F p.. D d
2xsF, DHXE><B<x,m->>| |02 Jpge,,y XEF P * Drrxe) dy
| Duxel(B(z,7)))

lim : |pe, ¥ Duaxe|dy

ex—0 JB(a,r;

0 J gy XE 1P Drxeldy

< 2| F|| Lo ()

lim |pe, * Daxe| dy

€x—0JB(z,r;)

The last term can be also written as

lim X\E|P=, ¥ DuXEe|dy

ex—=0 JB(z,r;)

2| F|lpeemy | 1 —

Jim, | o) |pey, * Duxe|dy
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It follows that

20xeF, Daxe)(B(z, 1)) < 2| F ooy | 1 - 0]/ Bar) Xna(pe, * Daxe) y’
Daxel(Bler3)) |7 lim e * Dirxe)| dy

€x—0 JB(z,r;)

_ 1|DHXE(B(W“J'))\>
2[Duxe|(B(z,r;)) )

by (2.4.8)) and the second limit of ((1.3.18)). Taking the limit as j — oo, the definition of reduced
boundary immediately yields

= 2[|F[[ e () (

[(Fi, ve) ()] = lim

k—o0

|2(XEF> Duxe)(B(x,r;))

NN s
|Duxe|(B(x,7;)) |—|| 52 (E)

The estimate for the exterior normal trace (Fe, vg) can be obtained in a similar way, hence the
proof is complete. O

4.3.1 Locality of normal traces

In this section we show the locality of normal traces, along with their relation with the ori-
entation of the reduced boundary. First, we need to recall some known facts on the locality
properties of perimeter in stratified groups. By Theorem (see also [1, Theorem 4.2]) and
Lemma, for any set E of finite h-perimeter in €2, there exists a Borel function 6, such
that g > o > 0 and

Duxel(B)= [ opds?, (43.20)

BNFyE

which implies § € L'(Q;.79"'L.#yFE). By this representation, a property holds |Dyxgl|-a.e.
if and only if it holds .9 '-a.e. on .ZyFE, see also Remark .

Given two sets Fy, Fy of finite h-perimeter such that /91 FyE, N FyE,) > 0, by |20,
Theorem 2.9], for any Borel set B C %y FE; N %y FEy we have

|Duxe [(B) = [Duxs|(B).
Hence, implies that
Op, (2) = 0p,(z) for /9 lae x€ FyE N Fybs. (4.3.21)
Moreover, [20, Corollary 2.6] implies that, for .79 1-a.e. x € FyFE)N.FgE,, we have vg, (z) =
+vg,(x).

Lemma 4.3.5. If £, and E, have finite h-perimeter in Q with /9N FyE, N FyEy) > 0,
then we have

|Du(xe = xe)|(B(z,7)) = o | Duxe,|(B(x, 7)) (4.3.22)

for 9 ae. v € FyEy N FyEy such that vg, (z) = vg,(x), and for j = 1,2. Analogously,
we have
D (xe, + XE,)|(B(@,7)) = o(| D xg,| (B, 7)) (4.3.23)

for S ae. x € FyEy, N FyBEy such that vg, (v) = —vg,(z), and for j = 1,2. In addition,
we have
| Duxe|(B(z,r)) ~ [Daxe|(B(z,7)), (4.3.24)

for Y9 ae. v € FyEiNFpuEsy and § = 1,2.
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Proof. We first define the following sets
L:=9%yE,N%yEy and G :=.%y3EAFyE,.
Then, by and , we obtain
|Duxe |LL = |Daxe,|L L, (4.3.25)

IDuxe | — |Duxe,|l = 0797 LG, (4.3.26)

where 0 = 0, (z) for 9 'ae x € FyE; and for j = 1,2. Hence, since LN G = 0, for
F9ae 2 € L, we have

1Daxe| — |Duxe|| (Bz,r)) = /GOB(I ) 0ds " = o(r?7), (4.3.27)

by (4.3.26) and standard differentiation of Borel measures. In addition,
|Daxe,|(B(x, 7)) > cr®™! (4.3.28)

for /9 lae. x € FyE;, r > 0 sufficiently small and j = 1,2, by [1, Theorem 4.3]. Then,
(4.3.27) and the triangle inequality imply that, for j = 1,2,

1Duxe|(B(x, 7)) = |Duxe|(B(z,r))| = o | Duxe |(B(z,r))),

from which we get (4.3.24). Then, we notice that, for .9 -a.e. z € L such that vg, () =
ve,(x), and j = 1,2, we have
|DH(XE1 - XE2)|<B(‘T’T)) = (VE1 - VEz)lDHXE1|I—L + VE1|DHXE1|I—G+

- vg.|Dixe L G|(Ba. )

< oo, m = vl dDi L+
+ 1Duxi|(G N B(a,1) + 1Duxs (G N Bla,r))
<y, 5 = v @) dIDirce,

¥ [ W = v (@) dIDixe) +0(re )
- 0(|DHXE]|<B(:E7 T)))a

by (4.3.25), (4.3.24), (4.3.28), the triangle inequality and standard differentiation of Borel
measures. Thus, we can conclude that (4.3.22)) holds. Analogously, (4.3.23)) follows for .#%¢~1-
a.e. x € FyEy N FyEs such that vg, () = —vg, (). O

Theorem 4.3.6. Let F € DM™(HQ), and E1, E; C § be sets of finite h-perimeter such that
SN FyE, N FyEy) > 0. Then, we have

(Foove) (@) = (Frovm) (@) and (Fovp,) (2) = (Foyvg,) (@), (4.3.20)
for 9 ae. v € {y € FuFELNFyEs :vp, (y) = ve,(y)}, and
(Foovm) (2) = — (Foovm) (1) and (Foovg) (@) = — (Fivg,) (@), (4.3.30)
for 9 ae. v € {y€ FyELNFyEy :vp (y) = —ve,(y)}.
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Proof. We recall that, by Theorem [1.3.16, the perimeter measure |Dyxg,|(-) is a.e. asymp-
totically doubling, for j = 1,2. Therefore, by the definitions (4.3.5) and (4.3.6)), and the
differentiation of perimeters (see |72, Sections 2.8.17 and 2.9.6]), we have

- ) = 2 lim (X5, F, Duxg,)(B(z,7))
(Fisvr,) (@) = 2lim Do (Bl

v ) = 2lim <XQ\EJF7 DHXE]»)(B(:C,T))
<JT"e, Eg>< ) 27l~_>0 ’DHXE‘]KB(Q?,T)) s

for j = 1,2, and for /9 lae. v € FyE;. Let v € FyE1NFyEy be such that vg, (z) = vg,(z)

and (4.3.22)) and (4.3.24)) hold true. Taking into account that | (F;, vg,) () — (Fi, vg,) ()| can

be written as the limit of the difference

2 lim (XE1F7 DHXEH)(B(x?T)) (XEzFa DHXEQ)(B(I”F»’

|DHXE1|(B(:E’T)) |DHXE2|(B(1‘7T))

using the linearity and the triangle inequality, we get

(XE1F7 DH(XEI - XE2))(B(I7 T)) |
| Duxe |(B(z,r))

| (Fir v ) ()= (Fi vp,) (2)] < 21im sup

r—0

: (XE2F7 DH(XEl —XEQ))(B(I,T»
e [Dixes| (B, 7)) |
+ lirnsup (XE1F7 DHXE2>(B(‘7:7 T)) . (XE2F7 DHXEl)(B(xv 7“)) | .
r—0 | Duxe, [(B(x,r)) | Duxe|(B(x,r))

By (4.1.2), we have |(xg, F, Dr(Xe, — X£.))| < [|F Lo, Dr(XE, — XE)|, for j = 1,2, and so,
by (4.3.22), we conclude that

|(XEJ-F’ Dr(xe, — Xr,))(B(2,7))
|DHXE]- [(B(z,7))

for y = 1,2. Now we have to deal with the last term, which, by (4.3.24)), is infinitesimal as
r — 0 if and only if so is

|(XE1F, Duxs,)(B(x,r)) = (X I, Duxs )(B(z, T))'
| Drxe,|(B(z,r)) '

By Theorem {4.1.1, we know that xg, F' € DM™(HQ), for j = 1,2. Let ¢, be the defining
sequence for

‘—>0,

(4.3.31)

<fe>VEj>7 <E,VEj>, (xg; I, Duxe;) and  (xa\g, F, DaXe;)

through limits analogous to those of (4.3.1)) and (4.3.7)) for E;, j = 1,2, in place of E. It follows
that

Pey * XEy X, in L°(Q; |divEF))
and, by (4.2.2), (4.3.10)) and (1.3.14)), in QX we have
div((pey * XE)XE ) = pey * XE, dIV(XEF) + (XB F V(e % X)) 1

= (e * XB)XEAIV(E) + (e, * XE, ) (F, DuXe,) (4.3.32)
+ (X F' pey, * Drrxe,) i
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Since |ps, * Xg, |(x) < 1 for any x € €2, up to extracting a further subsequence, we may find
Xe, € L=(Q |(F, Dy xE,)|) such that
Per, * XEy AXEl in LOO(Q’KFaDHXEQ)D

Thus, by Lemma [2.4.3] we get the weak® convergence

(pEk * XE1)<Fv DHXEZ) - X7E1<F> DHXEQ)'

Moreover, by Lemma [1.3.6] the sequence (xg,F, pe, * Daxg,)) f is uniformly bounded on 2,
hence, up to extracting further subsequences, there exists the weak* limit

(XEF, pey * Dixe) = (XL, DX, )-
By Remark we know that |divF|-a.e. there holds 0 < xg, < 1 and by Lemma , we
conclude that
(Pey * XE)XEAIV(F) = XE XE,diVE.
Passing now to the limit in as €, — 0, there holds

div(xe X5 F) = X5 X5dVEF + X&, (F, Duxe,) + (X5, F. Duxs,)- (4.3.33)
Arguing in an analogous way, exchanging the role of xg, and xg,, we get
div(xe X&F) = X X diVE + X5, (F, Duxe,) + (Xe, F, Duxe,)- (4.3.34)
Then and yield
(X Fs Drxe,) — (Xe Fy Duxe,) = Xe, (F, Daxe,) — Xe (F, Daxe,)- (4.3.35)

Joining (2.4.2)), Lemma 2.4.3]and (4.3.25)), we can conclude that
X (2) = X5, () =1/2  for L9 —ae v € FyE N FyE, =: L.
By , we notice that
|(F, Duxg;)|LL < ||[Fllp=@)|Daxe,|L L, for j=1,2; (4.3.36)
and so, by Remark [I.3.18] we obtain

1 1
XE,(F, Daxe,)LL = §(F’ Duxe)L L, X& (F,Daxe)L L= §(Fa Duxm,)L L.
Now, if we set G := FyE1 A%y Ey, we observe that we can rewrite (4.3.35)) as
(X F, Duxe) — (x&. F, DaXe,) = X6, (F, Daxe,) LG — X&, (F, Duxe,) LG (4.3.37)

1
+ §(Fa DH(XE1 - XE2))I—L'

By (4.1.2) and by standard differentiation of Borel measures, we have
|(F, Duxs,) L G|(B(z,7)) < | Flle=(| Dirxe, | (G N Bz, 7)) = o(r9™)

for 9 1ae. x € L,since GNL =0, and j = 1,2. In addition, |Dpxg,|(B(z,r)) > cr®!
for 9 lae. x € FyFE;, r> 0 sufficiently small and j = 1,2, by |1, Theorem 4.3]; and so we
obtain

|(F, D xe,) L G|(B(z, 7)) = o(| DX, (B(r, 7)),
As for the second term, by (4.1.2) and (4.3.22)) we get
|(F, D (X — X)L N B, ) < | F[ oo | D (X — X1,)|(B(x, 7))
= o(|Dux|(B(x, 7))
for 9 lae. 2 € FyE, N .FyE,y such that vg, (x) = vg,(r). This implies that the expression

in (4.3.31) goes to zero as r — 0, and so it proves the first part of (4.3.29)). Concerning the
exterior normal traces, one can argue in a similar way for the sets 2\ E; and Q \ Fs. Finally,

taking into account (4.3.5)), (4.3.6), Remark and (4.3.29)) applied to E; and '\ Es,, and
conversely, we arrive at (4.3.30)). [
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4.3.2 Tripartition by weak* limit of mollified functions

In this section we study the properties of the limit xz defined in (4.3.7)) and the related Leibniz
rule. From Remark we have that 0 < yg(z) <1 for |divF|-a.e. x € Q.

Propositiorl_@.T Let FF € DM>™(HQ) and E C Q be a set of finite h-perimeter. Let Xg,
El, E° and FuE be as in , and , respectively. It holds

|divF|(Q\ (FyE U E'U EO)) = |divF|(2\ (% UE'U E’O)) =0. (4.3.38)

In particular, X is uniquely determined on Q\ FpE, up to |divF|-negligible sets, and we have

Xe =Xz |divF|-a.e. in Q\ FyE, (4.3.39)

so that
div(xgF)L(Q\ .FyE) = divFL(E*\ ZyE). (4.3.40)

Proof. From (4.3.17) we immediately conclude that
/ Ya(1 — ¥p) d|divE| = 0.
ON\FyE

Therefore definitions and give
O =F" UEOU%UZQ
where Z5 = Q\ (FyEUE"UEP) is |divF|-negligible. This proves ([{.3.38). Then, if we restrict
to Q\ FyE, we have
div(xpF)L(Q\ FrE) = XpdivFL(Q\ FrE), (4.3.41)

which immediately shows that Xg is uniquely determined on Q \ .ZyFE, as a function in
L (2; |divF]). Moreover, by (4.3.38), we have that yz(z) € {0,1} for |divF|-a.e. = €

O\ ZyE, and this implies (4.3.39). Finally, this immediately shows that (4.3.41)) is equiv-
alent to (4.3.40)). O]

Formula (4.3.39) will be important to show that indeed the set E' is uniquely defined up
to |divF|-negligible sets.

Remark 4.3.8. We notice that, by Proposition m, Xz (x) = X3 () for |divF|-a.e. z € CR.
In particular, we obtain

|divF| (E'AE"®) N CF) = 0 and |divF| (E°AE"®) N CF) =0.

If we now assume that

[divF|(Q\ CF) =0, (4.3.42)
then it follows that xz(z) = x5 () for |divF|-a.e. x € Q. In particular, this yields
|divF|(E'"AEYR) =0 and |divF|(E°AE®R) = 0.
Thus, we have shown that
ORE\ FuE =Q\ (E"RUERU.ZyE) = (Q\ (E'UEU.ZyE)) U ZE,

for some |divF|-negligible set ZE. By (£.3:38), we obtain |divF|(95~E \ FxE) = 0. Hence,
under the assumption (4.3.42), we can identify E' and E° with EV® and E%R up to |divF|-
negligible sets, thus obtaining their uniqueness in this special case. In fact, as we shall see
below, the uniqueness holds in general, even if fails to be true.
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The following proposition proves that any given set of finite h-perimeter E in () yields a
tripartition of Q. More precisely, for F' € DM (HSQ) there exists a representative Xz of xg
such that yg(z) € {1,0,1/2} for |divF|-a.e. x € Q.

Proposition 4.3.9. Let ' € DM™(HQ) and let E C Q be a set of finite h-perimeter.
Let p € Ce(B(0,1)) be a mollifier satisfying p(x) = p(x™") and [go1p(y)dy = 1. If Xg €
L>(Q; |divF]) is defined by (4.3.7)), then
1 —
XE = 5 |divF|-a.e. on FyE. (4.3.43)

In addition, the normal traces of F' on the boundary of E satisfy

(Fisvg) = (Fo,vg) |Dpxs|-a.e. on E'UE° (4.3.44)
and we have
Xz pdivE = ((Fi,ve) — (Fe,ve))| Duxel. (4.3.45)

Proof. From (4.3.17) it follows immediately that
((Fisve) = (Fe;ve)|Duxsl =0 on FyEN (E'UEY),
proving . Let €, be the defining sequence such that and hold. We have
(p=, * x5)XE(1 — Xp)divE = (X&)*(1 — X&)divF,

by Lemma [2.4.3] Since the traces (F;,vg), (Fe,vg) defined in (4.3.5) and (4.3.6) belong to
L>(Q; |Duxe|), Remark and (4.3.17) imply that

E7V - feay 1 ]:ivy - feay

1 .
= iXE(l — xg)divF.

(Pey * XE)

Again (4.3.17)) shows that the previous sequences of measures are equal, hence so are their
limits. Taking their difference, we get

!
(5@ _ 2) (1 = Xp)divF L ZuE = 0.

1 —
This implies Yz = B |divF|-a.e. on ZyFE. From (4.3.43) and (4.3.17)), we obtain (4.3.45). O
Remark 4.3.10. Proposition and (4.3.43) imply that

\divF|(§;ﬁ\{x cQ:xE = 1/2}) ~ 0.

Since Proposition [4.3.7] states that Q = E* U E°U ZyE U ZE . for some |divF|-negligible set
Z¥, then we get the tripartition

Xe(z) € {0,1,1/2} for |divF|-a.e. z € Q.

As a result, we have shown that for every F' € DM™(HQ), taking any weak® limit of p. * xg
in L>°(§2; |divF|), this limit attains only the three possible values 1,0,1/2 for |divF|-a.e. x € Q.

This motivates our definitions (4.3.8)) and (|4.3.9).
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Remark 4.3.11. If F € DM™(HQ) and E C Q is a set of finite h-perimeter, then

Fi,ve) + (Fe,
(F> DHXE) = < VE> 9 < VE>

This follows from (4.3.15]) and from the definitions of the normal traces, (4.3.5)), (4.3.6).

We are now arrived at our first general result on the Leibniz rule for divergence-measure
horizontal fields and characteristic functions of sets of finite h-perimeter in stratified groups.

Theorem 4.3.12. If F € DM™(HQ) and E C 2 is a set of finite h-perimeter, then we have

div(xegF) = xzdivF + (Fi, ve) |Duxel, (4.3.47)
div(xpF) = X7 pdivE + (Fe,ve) |Duxel, (4.3.48)

where Xg € L®(Q; |divF|) is the weak® limit defined in (4.3.7)).
Proof. By Remark |4.3.10, we have

_ 1 .
Xe(z) = Xz (2) + 5)(;7;75@) for |divF|—a.e. x € Q.

Due to (4.3.46)), we can rewrite (4.3.10)) as follows

. . 1 . _E, vVp) + ‘/’.'67 v
le(XEF) = XE1d1VF+ §X§;;ng1VF+ < E> . < E>

We can now employ (4.3.45)) to substitute the term X;ﬁdivF , obtaining

<E’VE> - <]:€7VE>
2

‘DHXE"

div(xgF) = x g divF + |Dyxe|L FgE+

<E7VE> + <feayE>
+ 2

The previous equality immediately gives (4.3.47)). To derive (4.3.48]), we simply join (4.3.47)
with (4.3.45) and (4.3.44]). O]

| DXl

4.3.3 Uniqueness results

The previous results, together with the auxiliary definitions of E', E® and .ZyE, allow us to
obtain the following uniqueness theorem, along with a number of relevant consequences.

Theorem 4.3.13 (Uniqueness). If ' € DM™(HQ) and E C Q is a set of finite h-perimeter,
then there exists a unique |divF |-measurable subset

EY c Q\ .FyE,
up to |divF|-negligible sets, such that

_ 1 :
Xe(x) = xpur(x) + §X7HE($) for |divF|-a.e. z € Q. (4.3.49)

In addition, we have
IdivF| (ﬁHE \ %) —0 (4.3.50)
and there exist unique normal traces
(Fi,ve), (Fe,ve) € L=(FuE; |Duxe|)
satisfying
div(xgF) = xpr.rdivF + (Fi,vg) |DuXEl, (4.3.51)
div(xeF) = xm.rugz, edivF + (Fe,ve) |Duxel. (4.3.52)
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Proof. Thanks to (4.3.39) the set
EY = E'\ ZyE c Q\ FyE

satisfies the equality Xg = xp1.r |[divF|-a.e. in Q\ g FE and it is uniquely determined up to
|div F'|-negligible sets. By the tripartition stated in Proposition 4.3.7, we get

. 1 :

XE(2) = Xp1r(2) + Xginz, 5(T) + §Xm(x) for |divF|-a.e. x € Q, (4.3.53)
from which we get

E'= EYY U (E'N.%yE) and E° = E“F U (E° N .Z4E),

where E%F = Q\ (EYF U . ZyE). Let E be a set of finite h-perimeter in 2. We notice that
FuFE is a Borel set, by definition, so that, if F' € DM™(HS?), the measure |divF|L.ZyFE is
well defined. Let &5 be the fixed nonnegative vanishing sequence such that p., * Yg — Xz in
L>(Q; |divF]). Then, we also have

P * XE — Xg in L(Q; |divF|L ZyE). (4.3.54)

To see this, it is enough to multiply any test functions ¢ € L'(Q;|divF|L #xE) with x.#, £,
getting a function in L (€; |divF).
Now, Theorem shows that |divF| < 971 so that

|divF|L #yE < S9N FyE,
which, by Theorem [1.3.16, gives

Then, it is easy to see that (4.3.55) implies |divF|L.#yE = 0pg|Dyxe|, for some Opp €
LY(Q;|Duxgl), by Radon-Nikodym theorem. We recall that, by (2.4.2), we have

pe* XE — 1/2
in L>®(%; [Duxg|). Due to Lemma [2.4.3] it follows that
(pe * xg)|divF|L FyE — ;|diVF’|_ngE.
On the other hand, implies
(pe, * x)|AIVF|LZFyE — Xg|divF|L FgE,
and so we conclude that any weak™ limit point of {p. * xg}eso in L®(; |divF|) must satisfy

Xe(x) = 5 for [divF|L ZFpFE-ae. x € Q. Clearly, this means that

1
Xe(r) = 5 for |divF|-a.e. v € FyE. (4.3.56)
As an immediate consequence, we obtain
IdivF|(E'N.ZyE) =0 and |divF|(E°N.ZE) =0,

which implies (4.3.50). Thus, combining these results with (4.3.53)), we deduce that there exists
a unique |divF|-measurable set EVF C Q\ .y E such that (4.3.49) holds. Hence, there exists

a unique weak™ limit Xz of {pe * Xp}eso in L°(Q; |divF]). Thanks to (4.3.47)) and (4.3.48)), we
obtain the uniqueness of the normal traces. Indeed, we have

div(xgF) — xpr.rdivF = (F;,vg) |Duxel,
diV(XEF) - XEl»FuﬁHEdiVF = <~7:e, VE> |DHXE|7

and the uniqueness of the terms on the left hand sides implies the uniqueness of those on the
right hand sides. O]
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In view of the previous uniqueness result, we are in the position to introduce the following
definition.

Definition 4.3.14. Let £ C 2 be a set of finite h-perimeter and let F' € DM™>(HQ). We
define the measure theoretic interior of E with respect to F as EYF C Q\ FyE, such that

div(xsF)L(Q\ FyE) = yprrdivF. (4.3.57)

Analogously, we define the measure theoretic exterior of E with respect to F as a set E%F C
Q\ ZyE such that

Remark 4.3.15. The existence of EY'| along with its uniqueness up to |divF|-negligible sets,
is a direct consequence of restricting to O\ FpE. Analogously, the existence and
uniqueness up to |divF|-negligible sets of E% follows from applying to Q\ E and
restricting it to Q \ .y E. In addition, we have

|divF| (Q\ (B UE™F U ZyE)) =0,
since
xpo.rdivF = div(xo\ g F)L(Q\ FrE) = xorz, pdivE — div(xgF)L(Q\ FxE)
= (XQ\EHE — XELF) divF = xo\(p1ruz, B)dIVE,
thanks to (4.3.57)).

Remark 4.3.16. Theorem {4.3.13| shows that the interior and exterior normal traces (F;, vg)
and (F., vg) are unique up to | Dy xg|-negligible sets. As an immediate consequence of this fact,

joined with (4.3.5)) and (4.3.6), we see that also the pairings (xgF, Duxg) and (xo\eF, Duxe)
are uniquely determined and do not depend on the approximating sequences (x g F, Vi (pe, * X£)) it

and <XQ\EF, Vi (pe, * XE)>,U~ In addition, (4.3.46|) shows that also the pairing (F, Dyxg) is
unique and independent from the choice of the approximating sequence.

We conclude this section with the following easy refinement of (4.3.45)).
Corollary 4.3.17. Let F € DM (HQ) and E be a set of finite h-perimeter. Then, we have

XQ‘HEdlvF = (<.E, VE> — <F67VE>>|DHXE| (4359)
Proof. 1t is enough to subtract (4.3.51)) from (4.3.52]). O

4.4 Gauss—Green and integration by parts formulas

This section is devoted to establish different Gauss—Green formulas and integration by parts
formula in stratified groups. Throughout we shall use the measure theoretic interior £ C G
introduced in Definition [£.3.14 We start with a general version of the Gauss—Green formulas,
which is a direct consequence of Theorem

Theorem 4.4.1. Let F € DM (HQ) and E € Q be a set of finite h-perimeter. Then, we
have

divF(EM) = — /y _(Fivs) dIDuxel, (4.4.1)
;.

divF(EMF U ZyE) = — /j _(Feove) dIDux. (4.4.2)
7H
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Proof. If we evaluate (4.3.51]) and (4.3.52)) on 2, we obtain

div(xpF)(Q) = divF(E"T) + (Fi,ve) d[DuxEl,

FukE

Aiv(xpF)(Q) = dvP(E U ZB) + [ (Fove) d\Dyxel
Then, we exploit the fact that xpF € DM>(HQ), thanks to Theorem [.1.1 and Lemma [4.2.6|
in order to conclude that div(xgF)(Q2) = 0. O

We consider now some special cases in which the normal traces coincides; that is, in which
there are no jumps along the reduced boundary of the integration domain. To this purpose, we
give the following definition.

Definition 4.4.2. Let FF € DM™>(HQ) and let E' C Q be a set of finite h-perimeter. We define
the average normal trace (F,vg) as the function in L>®(Q; |Dyxg|) satisfying

(F. Duxr) = (F,ve) |Duxsl- (4.4.3)
Remark 4.4.3. Thanks to (4.1.2)), we have
((F, Drxe)| < |Fllre@|Duxsl,

which implies the existence of (F,vg) € L>®(Q; |Dyxgl|) satisfying (4.4.3)), by Radon-Nikodym
theorem. In addition, (4.3.46|) shows that

<E7VE'> + <‘F67VE>
2

(F,vg) = | Dy xel|-a.e. in €. (4.4.4)

Proposition 4.4.4. Let ' € DM™(HQ) and let E C Q be a set of finite h-perimeter such
that |divF|(Z#yE) = 0. Then we have

(Fi,vg) = (Fe,vp) = (F,vg) |Dgxgl|-a.e. in Q. (4.4.5)

As a consequence, we obtain

div(xgF) = xpr.rdivF + (F, Dgxg) = Xpr.rdivF + (F,vg) |Duxel| (4.4.6)
Proof. Equality (4.4.5)) is an immediate consequence of |d1vF | =0, (4.3.59) and -

Then, by comblnlng (]4 3.51), (.4.3) and (4.4.5) we obtain

The previous result immediately gives a new version of the Gauss—Green formula without
jumps on the reduced boundary of the domain.

Theorem 4.4.5. Let F € DM>(HQ) and let E € Q be a set of finite h-perimeter with
|divE|(FuE) = 0. Then there exists a unique normal trace (F,vg) € L®(Q;|Duxg|) such
that
divF(EMF) = — / (F,ve) d|Duxsl. (4.4.7)
FuE

Proof. The existence of a unique normal trace (]—" ,vg) follows from Proposition 4.4.4 Then,

we evaluate on 2 and apply Lemma and thus we obtain (4.4.7)). O

We now prove that, in the case F' is continuous, the normal traces are equal and coincide
with the scalar product in the horizontal section.
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Proposition 4.4.6. Let F € DM™(HQ)NC(HQ) and E C Q be a set of finite h-perimeter.
Then we have

(Fi,vg) () = (Fe,vg) () = (F(z),vg(x)) for |Dpxg|-a.e. x € FyE (4.4.8)
and in particular |divF|(FgE) = 0.

Proof. Let ¢ € C.(2) and let (xgF, Dyxg) be as defined in (4.3.1)), hence

| #d(iF, Duxe) = lim [ (6F. xs(p- * Duxs)) d.

We observe that ¢oF € C.(2, HQ) and taking into account that vg is the measure theoretic
unit interior h-normal, by (2.4.7) we obtain

1
/Qﬁbd(XEF, Duxe) = /Q §¢ (F,vE) d|Duxel-
By definition of interior normal trace (4.3.5)), we obtain that
(Fi,vg) (x) = (F(x),vp(x)) for |Dyxe|-ae. z € Q,

which implies (4.4.8) for the interior normal trace. The identity for the exterior normal trace
in (4.4.8) can be proved in an analogous way, employing ([2.4.8) and definition (4.3.6]). Finally,

in view of (4.3.59), we get |divF|(FxE) = 0. O

Theorem 4.4.7. Let FF € DM>™(HQ) N C(HQ) and let E € Q) be a set of finite h-perimeter.
Then the following formula holds

divF(EMF) = — /7 _(F.g) d\Dixl. (4.4.9)
Fu

Proof. By Proposition we have a unique normal trace, that |Dgxgl|-a.e. in FyE equals
the scalar product (F,vg). In addition, |divF|(#gF) = 0. Since E € (2, we may apply (4.4.7)
to conclude the proof. O

Next, we apply the Leibniz rule (Theorem {4.1.1)) to derive integration by parts formulas.

Theorem 4.4.8. Let ' € DMy (HQ), E be a set of locally finite h-perimeter in Q@ and
o € C(Q) with Vi € L (HQ) such that supp(pxg) € Q. Then, there exist interior and
exterior normal traces

(Five)  (Fe,ve) € Ligo(% [Duxel)
such that the following formulas hold

|, eddivP+ [ (P Vug)do=— [ o(Fve) dDuxsl, (44.10)
ELF E FuE
/ o ddivF + / (F, Vi) de = — / o (Fo,vi) d| Dy (4.4.11)
EI’FUQQZHE E FuE
In addition, for any open set U € €2, we have the following estimates

| (Fis ve) | ooz Brvsipaxel) < IF |z mnoy, (4.4.12)
| (Fe, vE) |27y Brv: Daxe) < 1F ||z @nm)- (4.4.13)
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Proof. Let U €@ Q be an open set such that supp(¢xg) C U. Then, we clearly have F' €
DM (HU), xg € BV(U) and ¢ € C(U)NL=(U) with Vyp € L*(HU). Hence, Theorem[d.1.1]
implies that xgF' € DM (HU) and so we can apply (4.2.8]) to ¢ and xgF', thus obtaining

div(pxeF) = pdiv(xeF) + (XeF, Vo) p (4.4.14)

in the sense of Radon measures on U. Now, Theorem [4.3.13] implies the existence of interior
and exterior normal traces (F;, vg) , (Fe,vg) in L®(U; |Dgxel|), and, by (4.3.51)) and (4.3.52)),
we get

div(exeF) = xpr.redivE + o (Fi,ve) |Duxe| + xe (F, Vae) i, (4.4.15)
div(exeF) = xXprruz, pedivE + ¢ (Fe,vE) |Duxe| + Xe (F, Vae) 1. (4.4.16)

Finally, we evaluate (4.4.15)) and (4.4.16)) on U, and we employ Lemma and the assumption
that supp(¢xg) C U, so that (4.4.10) and (4.4.11]) immediately follow. The estimates (4.4.12)

and (4.4.13) follow from the restriction of F' and yg to U and from (4.3.18]) and (4.3.19)). [

Remark 4.4.9. We notice that the local statement of Theorem [£.4.8 shows that the field
F needs not be essentially bounded on the whole set €2, but only on an arbitrarily small
neighborhood of %y E. In particular, let € > 0 and E € 2. We define

E.:={x € E : dist(zx, #yFE) < €},
Ef:={z € Q\ E:dist(z, FgFE) < €}.

Then, from (4.4.12)) and (4.4.13) one can deduce that we have

“ <]:Z’ VE) ||L°°(§HE;|DHXE\) < g;g ||F||L°°(Ee)7

| (Fe, vE) HL""(=9HE;|DHXE\) < égg ”FHL"O(EE)-

Indeed, it is enough to take the open set U = E. U E* = {x € Q : dist(x, #y E) < ¢} for some
€ > 0 such that U € (2, and then to pass to the infimum in ¢.

As an application of the integration by parts formulas, one can generalize the classical
Euclidean Green’s identities to C'};(€2) functions whose horizontal gradients are in DM, (HQ).

In the spirit of Definition [1.3.8] we can define the distributional sub-Laplacian of a locally
summable function u : Q@ — R with horizontal gradient satisfying Vyu € L (HS2) as the
distribution

1
loc
O®(Q) 3 ¢ s — / (V i, Vi) d. (4.4.17)

Q
We shall denote the distributional sub-Laplacian of v by Apxu and, with a little abuse of
notation, we shall use the same symbol to denote also the measurable function defining the
distribution, whenever it exists. Arguing as in the paragraph after Remark [I.3.9, one can

show that, if u € C%(Q), then its distributional sub-Laplacian coincides with the pointwise
sub-Laplacian, and so we can write

Jj=1

Theorem 4.4.10. Let u € C}(Q) satisfy Agu € Mioe(Q) and let E C Q be a set of locally
finite h-perimeter in Q. Then for each v € C.(Q) with Vyv € L'(HS), one has

/ vdApgu = — v (Vgu,vg) d|Dyxg| —/ (Vyv, Vyu) dz, (4.4.18)
12 Fuk E
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where E) := EVVH" is the measure theoretic interior of E with respect to V gu. Ifu,v € Cy ()
also satisfy Agu, Agv € M(Q), then we have

/ElvdAHu—/EludAHv = /7 E(uVHv—'UVHu, ve) d|Dgxel, (4.4.19)
u v FH

where E} := EXV1Y analogously as with u. If E € ), one can drop the assumption that u and
v have compact support in €.

Proof. Arguing as in the proof of Theorem [4.4.8 we can localize to an open set U & () such
that supp(vxg) C U. Then, we notice that, since v € CL(U) and Agu € M(U), then
Vuu € DM*(HU)NC(HU). Thus, since F is a set of finite h-perimeter in U, the normal
traces of Vyu on ZyE N U coincide with (Vyu(z), vg(z)) for |Dyxgl-a.e. € U, by Propo-
sition [£.4.6] In addition, Proposition [{.4.6] gives |[Ayu|(ZxE) = 0, and so implies
(1.4.19), if we set EMVev =: Bl

If now u,v € Cp () and satisfy Agu, Agv € M(Q), one also has with the roles of
u and v interchanged, and thus with a set E! uniquely determined by V zv, instead. Subtracting
these two expressions leads to . If £ €, then the assumption on the compact support
of u and v are not anymore needed. O]

4.5 Absolutely continuous divergence-measure horizon-
tal fields

This section is devoted to some first applications of our previous results, which cover the
case of ' € L*(HQ) with divF € L'(2), and consequently the cases FF € WH(HQ) and
F € Lipy (HS).

Theorem 4.5.1. If FF € DM (HQ) and |divF| < pu, then for any set of finite h-perimeter
E C Q, we have

div(xgF) = xgdivF + (F, Dy xE) (4.5.1)
in the sense of Radon measures on ). Therefore, we also obtain (4.4.5)),
|divF|(EYFAE) =0, (4.5.2)
and
div(xgF) = xgdivF + (F,vg) |Duxe|. (4.5.3)

Proof. Formula ({4.5.1)) is a simple application of (4.2.10) to g = x g, taking into account ([1.3.8)).

Since the absolute continuity assumption and (1.3.26)) give |divF|(Z#yFE) = 0, we can apply

Proposition and obtain (4.4.5). In addition, by comparing (4.4.6) and (4.5.1), we get
(4.5.2)). Thus, (4.5.3)) is an immediate consequence of (4.4.6)) and (4.5.2)). O

Thanks to Theorem the proofs of Theorem and Theorem can be immedi-

ately achieved.

Proof of Theorem[{.1.3. We evaluate (4.5.3) on Q and apply Lemma [4.2.6] thanks to the fact

that E € Q. -
Proof of Theorem[{.1.4] Tt suffices to combine (4.4.5)), (4.5.2)) and |divF|(#xE) = 0 with The-
orem .48 O

We notice now that Theorem [£.1.4] may be applied to a set of locally finite h-perimeter
whose reduced boundary is not rectifiable in the Euclidean sense.
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Example 4.5.2. We recall that a set S C G is called a C}-regular surface if, for any p € S,
there exists an open set U 3 p and a map f € C(U) such that

SNU={qeU: f(q) =0and Vyf(q) #0}.

In [140, Theorem 3.1], the authors proved the existence of a C},-regular surface S in the

Heisenberg group H! such that %%(S) > 0 for any ¢ € (0,1); which means that S is
not 2-Euclidean rectifiable. In particular, they showed that there exists a function f € C}(H?')
related to S as above, with U = H!. From [81, Theorem 2.1], it is known that the open set
E = {p e H' : f(p) < 0} is of locally finite h-perimeter and .ZygFE = S. Thus, given any
F € DM (HH') such that |divF| < u = %3, we can apply Theorem to F' and F to
show that there exists a unique normal trace (F,vg) € L2 (HY; |Dyxg|). In addition, for any
¢ € C.(H") with Vi € L*(HH') we obtain

[ eddivF + [ (F.Vug) dv =~ [ ¢ (F.ve) dDuxs|

We stress the fact that, on the right hand side, we are integrating on a fractal object, which is
an Euclidean unrectifiable set.

Theorem 4.5.3. Let u € C}(Q) be such that Agu € Mioe(Q) with |Agu| < p and let E C Q
be a set of locally finite h-perimeter in Q. Then for each v € C.(Q) with Vgv € L'(HQ) one
has

/ vdAgu = —
E

If u,v € C (Q) also satisfy Agu, Agv € M(Q), |Agu| < p, |Agv| < p, one has

v (Vyu,vg) d|Dpxe| — /E (Vgv,Vyu) dz. (4.5.4)

FukE

/ vdAyu — uwdAgv = / (uVyv —ovVyu,vg) d|Dpxe|. (4.5.5)
E

FuE
If E € ), one can drop the assumption that v and v have compact support in €.

Proof. 1t suffices to combine the results of Theorem with the fact that, in this case,
El = E! = E up to p-negligible sets, which follows from Theorem [4.5.1] O

It is worth noticing that one could weaken the absolute continuity assumption on divF, by
asking only |divF|(d5°E) = 0. We also notice that, in the Euclidean context, this resembles
part of the hypotheses assumed by Degiovanni, Marzocchi and Musesti in |66, Theorem 5.2] and
Schuricht in [138, Proposition 5.11]. However, we do not require the existence of any suitable
smooth approximation of F', as they do: thus, our results are more general, even though we
cannot represent the normal traces as the classical scalar product. Before stating our results,
we need a preliminary lemma.

Lemma 4.5.4. Let F' € DM*(HQ) and let E C Q be a set of finite h-perimeter such that
(4.3.42)) holds. Then, we have

|divF|(EYFAEYR) =0 and |divF|(E*FAE"®) = 0. (4.5.6)
Proof. Thanks to Remark [£.3.8 we see that
|divF| (E"FAEY®) N CE) = 0 and |divF| ((E>"AE"®) N CE) = 0.

If (4.3.42)) holds, then it is clear that we obtain (4.5.6). m
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Proposition 4.5.5. Let ' € DM™(HSY) and let E C Q) be a set of finite h-perimeter such
that |divE|(057E) = 0. Then we have [£.4.5), [£.5.6) and

div(xgF) = xpr.rdivF + (F,vg) |DuxE|. (4.5.7)

Proof. We notice that Q\ CF C 95°E, therefore we can apply Lemma to get (4.5.6)).
Thanks to (4.3.51]) and (4.5.6)), we easily get

div(xgF) = xpr.rdivE + (F;, vg) |DuXE|. (4.5.8)
In addition, and |divF|(957E) = 0 imply that
|divF|(FyE) < |divF|(EY® N ZyE) + |divE|(E*® N Z4E)
= |[divF|(EY N FyE) + |divF|(E>F N .ZxE) = 0,
since EVE B0 € Q\ ZyE by Definition . As an immediate consequence of this fact

and of (4.5.6)), we may rewrite (4.3.52)) as

div(xpF) = xp1rdivF + (Fe,ve) |Duxel. (4.5.9)
Finally, by combining (4.5.8]) and (4.5.9), the equalities (4.4.5) and (4.5.7) follow. O

Theorem 4.5.6. Let F' € DM™(HQ) and let E € 2 be a set of finite h-perimeter such that
|divEF|(057%E) = 0. Then, we have

divF(EYR) = — / (F,vg) d|Dyxs. (4.5.10)

FuE

Proof. We just need to evaluate (4.5.7) on Q and we apply Lemma to get (4.5.10)). O

In analogy to the case |divF| < p, we can obtain similar integration by parts formula and
Green’s identities in the case |divF| (95~ E) = 0, with E® instead of E in the integration with
respect to the divergence and the Laplacian measure, respectively.

Theorem 4.5.7. Let F € DMS.(HRQ), E be a set of locally finite h-perimeter in Q such that

loc

|divF|(05°E) = 0, and let ¢ € C(Q) with Vi € L (HQ) such that supp(pxs) € Q. Then
there exists a unique normal trace (F,vg) € LS. |Duxe|) of F, such that the following
formula holds

/ goddivF+/ (F, V) do = —/ o (F,vg) d|Duxzl.

ELR E FuE

Proof. Proposition implies that, if |divE|(05FE) = 0, then we have ({#.4.5), (£.4.3) and
[£.5.6). One needs just to combine these results with Theorem [£.4.8] O

Theorem 4.5.8. Let u € O () satisfy Agu € Mioo(Q) and let E C Q be a set of locally finite
h-perimeter in Q such that |Agu|(95~E) = 0. Then for each v € C.(Q) with Vv € L'(HRQ)
one has

/ vdAgu = — v (Vyu,ve) dDyxEe| —/ (Vyv,Vyu) d.
ELR FHE E

Ifu,v € C (Q) also satisfy Agu, Agv € M(Q), A pul (057 E) = |Ayv|(93°E) = 0, one has

/EledAHu —udAgyv :/ (uVgv —ovVgu,vg) dDyxe|

FukE

If B €, one can drop the assumption that u and v have compact support in €.
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Proof. Tt suffices to combine the results of Theorem with the fact that, by Proposi-
tion [4.5.5] EL = E} = EY® up to |Ayul,|Ayv|-negligible sets. O

As an easy consequence of Theorem [£.3.6] we obtain the same locality property for the
normal trace in the case |divF| < p and |divF|(95°E) = 0.

Proposition 4.5.9. Let F € DM™(HY), and E,, Ey C Q be sets of finite h-perimeter such
that 9~ YFyEy N FuEy) > 0 and |divF|(057E;) = 0, for j = 1,2. Then, we have

(F,ve,) () = (F,vg,) (x), (4.5.11)
for 9 ae. v €{y € FuEy N FuEy :vp (y) = ve,(y)}, and
(F,vg,) (x) = = (F,vg,) (x), (4.5.12)
for #9 ae. v € {y € FyE\ N FyEy: v, (y) = —vi,(y)}.

Proof. The result follows immediately from Theorem and (4.4.5)), which holds by Propo-
sition 5.5 O

4.6 Applications to sets of Euclidean finite perimeter

The underlying linear structure of G allows for introducing an FEuclidean scalar product, for
instance using a fixed system of graded coordinates, see Section [1.2.2 With respect to this
metric structure the classical sets of finite perimeter can be considered. We will call them sets
of Fuclidean finite perimeter to make a precise distinction with sets of finite h-perimeter.

If E C G is a set of locally finite Euclidean perimeter in Q2 C G and F € DM (HRQ),
then we can refine and employing the theory of divergence-measure fields in
Euclidean space. From the Euclidean Leibniz rule for essentially bounded divergence-measure
fields (|82, Theorem 2.1] of Frid), the uniqueness of the representative g in Theorem and
of the pairing measure follows.

Recall that we can identify G with R9, where q is the topological dimension of G. In this
section, we shall denote the Euclidean norm by | - |, and the Riemannian one by |- |;,. The
L>-norm || - ||oc,0 for horizontal fields is the same defined in using | - |-

We denote the Euclidean Hausdorft measure by JZ/{ and the Euclidean ball by

Bi(z,r) ={yeRY: |z —y| <r}.
Consequently, given u € L{. (G), we denote by

lim ][ u(y)dy if the limit exists,
u|*|<x) = (=0 By, (z,r)

0 otherwise,

(4.6.1)

the Fuclidean precise representative of w.

The following useful lemma is a consequence of the rectifiability of the reduced boundary
and of the negligibility of characteristic points [112]. Its proof can be found in [139]. For the
ease of the reader, we add a short proof.

Lemma 4.6.1. If E is a set of Euclidean locally finite perimeter in ) and if we denote by FFE
the Euclidean reduced boundary, we have /9~ FyEAFE) = 0.
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Proof. By Theorem |1.3.16] Lemma |1.3.17|and [139, Proposition 5.11], we know that
|Dixp| = |7uNe| A LFE =05 97 L FyE, (4.6.2)

where 7wy Ng is the projection of the Euclidean measure theoretic unit interior normal Ng on
the horizontal bundle of G. Hence, since g > o > 0 by Theorem [1.3.16] we get

SN FyE\ FE) =0,
In addition, [139, Proposition 5.11] implies also that the set
Char(E) :={x € FE : myNg(x) =0}
is .#?~ 1 negligible. Therefore, by we have
HAHFE N (FuE U Char(E))) =0,

which implies .79 Y.ZE \ (ZyE U Char(E))) = 0 by [80, Proposition 4.4]. Since Char(FE) is
9 L negligible, the proof is complete. O

We now recall the Euclidean Leibniz rule for essentially bounded divergence-measure fields
in a stratified group.

Theorem 4.6.2. Let ' € DM™(HQ) and g € L*>®(QQ) be such that for every j = 1,...,q we
have 0,,9 € M(Q). It follows that gF € DM™(HQ) and

div(gF) = g/ divF + (F, Dg), (4.6.3)

where (F, Dg) is the weak® limit of (F, D(pe%g))ga it as € — 0, denoting by * the Euclidean
convolution product, by p € CX(B(0,1)) a radially symmetric mollifier with [ pdx =1 and

pe(x) = e p(/¢).

Proof. Since F' € DM>(HQ) C DM>(Q2) and g is an essentially bounded function of Eu-
clidean bounded variation, [82, Theorem 2.1] shows that gF € DM () and that we have
(4.6.3). Then we clearly have gF' € DM™(HQ), since F' is a measurable horizontal section. [

We stress the fact that ¢ € BV(Q) in general does not imply g € BV (), unless the set
is bounded. Since a function of Euclidean bounded variation on €2 belongs only to BV 0.(€2),
we shall need to localize all the following statements.

Theorem 4.6.3. Let ' € DM™(HQ) and g € L>*(Q2) be such that 0,9 € M(Q) for j =
1,...,q. Then, the measure (F,Dg) satisfies

[(F, Dg)|LU < ||F |z @r)| Dug| LU, (4.6.4)
for any open bounded set U C ).

Proof. Without loss of generality, we may assume {2 to be bounded, which means that we have

g € L>(Q)N BVy(Q). By Theorem we know that

(F,V(p*g))ga 1 — (F, Dg)

as € = 0. By ((1.3.12)) one easily observes that (F, V(p.¥9))pqs = (F, Vi (pe*g)) and this means
that

(F,Viu(p*g)) p — (F, Dg). (4.6.5)
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We notice that, for any ¢ € C.(Q2), we have

/ ¢ (F, (p-*Dpg)) dx

lim sup
e—0

<hmsup||F||Loo / |p|p*|Dpg| dx

= 1Pl [ |#ldiDug],

by well-known properties of Euclidean convolution of measures (see [11, Theorem 2.2]). Now
we show that

(F. Vi (p*g)) i — (F, (pe*Dpg)) p — 0. (4.6.6)
Indeed, if (4.6.6) holds, then, for any ¢ € C.(Q2), by (4.6.5)) we have

[ d(F, Dg)| =1ty | [ 6 (F. Vu(p-9)) dz
< lim sup ‘ / ¢ (F, Vu(pi*g) — (p*Dng)) dx
+ lim sup / ¢ (F, p-¥*Dpg) d:v‘

<[Pl [, |8]dIDugl,

which implies (4 . Therefore, we need to show a commutation estimate. We recall the fact
that |a%(z) — ]( )] < Clx — y| on compact sets, for any j = 1,..., mand i =m+1,...,q.
Hence, for any « € 2 and ¢ > 0 such that Bj(z,e) C Q, the equality between the modulus of
the sum

a

> a;(x)(p50y,9)(x) — pH(aj0y,9)(x)

i=m+1

and its more explicit version

a

[y @) = S WD~ 1) 0 9(0)

i=m+1

leads us to the inequality

a

Y. ai(@)(pe%0y,9)(x) — p(ajdy,g)(x)

i=m+1

| Dg|(By(x, €))
ga-1 '

< Cllpllze(s, 0,1 (4.6.7)

We now take ¢ € C.(£2) and we employ the fact that 0,,(p-*g) = (p-*0,,9), forany j =1,...,q,
to obtain

’/Q (OF, Vi(perg) — (p*Drg)) dx

= ‘/Q¢ZFJ ( Z a;(paﬁgamg) _p?f;l;(a;aafig)) dx
j=1

1=m-+1
B
(Byy(ze))
ga-1

< ONFlmoy ol o0 [ a2
by . Let now € > 0 be smal enough so that
supp(¢) C Q° := {x € Q : dist|.(z,00Q) > €}.
It follows that

/|¢ ||Dg\<B|| dm_/s/BHm) )| d| Dyl (y) d

_//B(ys z)|e' "% dz d| Dg|(y)
< M(BH(O, 1)) e [|@ll Lo (o) | Dgl (£2).
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We finally conclude that

dx — 0.

/Q(b@) !D9|(3|-_|($,€))

ga-1

All in all, (4.6.6)) follows, and this ends the proof of (4.6.4).
[

Thanks to the Leibniz rule of Theorem and to its refinement given in Theorem [1.6.3]
we are able to obtain the Gauss—Green formulas for Euclidean sets of finite perimeter in strat-
ified groups. Even though such results could be proved directly, using and employing
techniques very similar to those presented in [52, Theorems 3.2, 4.1, 4.2], we shall instead first
show that, in the case of a set of Euclidean finite perimeter F, the pairing (F, Dyxg) defined
in Theorem actually coincides with (F, Dxg) introduced in Theorem [4.6.2, Then, the
Gauss—Green formulas will be just a consequence of Theorem

Let us denote by E|1.| and Eﬁ the Euclidean measure theoretic interior and exterior of a
measurable set £ C (Q; that is,

B, E
Eﬁ,:{xeﬁzhm“( 1@ m) N ):o}.

We recall now that, if £ is a set of Euclidean finite perimeter and we denote by # E the
Euclidean reduced boundary, then

. 1
XE|| = XE}, T S XTE; (4.6.8)

see for instance [52, Lemma 2.13] and the references therein.
We proceed now to show that, in the case g = xg for an Euclidean set of finite perimeter
E. the Euclidean Leibniz rule is equivalent to the group one.

Theorem 4.6.4. Let F' € DM™(HQ) and E be a set of Euclidean finite perimeter in 2. Then
we have xpF € DM™(HQ),
(F, Dxg) = (F, Duxg), (4.6.9)

and

div(xpF) = Xp, divF + (F, DuyxE). (4.6.10)
In addition, for any p € C.(B(0,1)) satisfying p > 0, p(z) = p(—z), [ p(z)dr =1, we have
Pe * XE — Xp,p i L= |divE]) and (F, Vi (pe * xp)) p = (F, Dxg) in M(Q). In particular,
EY = Bl and E®" = E}|, up to |divF|-negligible sets.

Proof. 1t is easy to see that xgF' € L>*(H(2) and that (4.6.3) with ¢ = xg yields us
div(xpF) = Xp, | divF + (F, Dxg), (4.6.11)

which means xg ' € DM™(HQ). Notice that this fact would not follow directly from Theorem
[4.1.7], since, in our assumptions, the h-perimeter of E is only locally finite. Let us assume now
Q to be bounded, so that E is a set of finite h-perimeter in Q. By (4.3.10), we immediately
obtain

X, AiVE + (F, Dxg) = XedivF + (F, DuxE), (4.6.12)

where g and (F, Dgxg) are unique thanks to Theorem [4.3.13|and Remark |4.3.16| This means
that
(F, Duxe) = X divF + (F, Dxg) — XedivF. (4.6.13)
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Hence, if € is unbounded, we get and in the sense of Radon measures on
any bounded open set U C §. However, since divF’ € M(R), X, Xp | € L=(Q;[divF|) and
(F,Dxg) € M(), by Theorem [4.6.2] the right hand side of is a finite Radon measure
on Q. Thus, it follows that (F, Dgxg) € M(Q), even if E is only a set of locally finite h-
perimeter on 2. Hence, holds on the whole Q. We recall now that, by Lemma |4.6.1},
SO FyEAFE) = 0, which implies

divF|(ZyEAZE) =0, (4.6.14)
by Theorem Now, we employ (4.3.49) in order to rewrite (4.6.12) as
. 1 .
(m - XEI,F) divF = > (X7up — X75) divF + (F, Dyxp) = (F, Dx). (4.6.15)

Thanks to (4.6.14), we have
(XzyE — X7E) divF = 0,

so that (4.6.15)) reduces to
(XE{ - XEI,F> divF = (F, Duye) — (F, Dxp). (4.6.16)

If we restrict (4.6.16|) to %y E, we obtain

XEhﬂﬂHEdiVF = (F, DHXE) - (Fa DXE)v (4-6-17)

since EM" C Q\ FgE, by Definition 4.3.14} and |(F, Dgxg)|, |(F, Dxe)| < |Duxel|, by (4.1.2)
and (4.6.4). We notice that

|divF|(El, N FuE) = |AvF|(EY N (FuE N FE)) + |divF|(E}, N (FuE\ FE))
< |divF|(FuE\ ZE) =0,

by (4.6.14) and the fact that E!| N.ZE = (). Therefore, we obtain

Xet ngyediVE =0,

so that (4.6.17) implies (4.6.9). Then, combining (4.6.12) and (4.6.9)), we obtain

(X, — XE) divF =0,

which immediately yields Xz(x) = xp () for [divF|-a.e. 2 € Q. As a consequence, we get

|divF|(EYFAEL) = 0 and |divF|(E“FAEP) = 0. O

Remark 4.6.5. By Theorem 4.6.4, xgF, xo\pF € DM™(HQ) for any F' € DM>(HQ) and
any set £ of Euclidean finite perimeter in €2. This means that, by (4.6.9), we have

(xeF, Dxe) = (xeF, Duxe) and (xa\eF, Dxe) = (xo\eF, Duxe)-

Thus, we can define the normal traces of F' on the reduced boundary of an Euclidean set of

finite perimeter as in (4.3.5)) and (4.3.6). We stress the fact that, thanks to Remark |4.3.16| the

measures (xgF, Dpxe) and (xo\gF, Dpxge) do not depend on the vanishing sequence ¢y

These results enable us to prove Gauss—Green formulas for sets of Euclidean finite perimeter,
Theorem {4.1.5, extending [52, Theorem 4.2] to all geometries of stratified groups.
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Proof of Theorem[{.1.5. If we choose U € €, it is clear that F is a set of finite Euclidean
perimeter in U, and so of finite h-perimeter in U. By Theorem 4.6.4] we know that, up to
|divF|-negligible sets, BV = E!. Then, (4.1.12)), (4.1.13) and follow immediately
from (4.3.51)), (4.3.52) and (4.3.59). The estimates on the normal traces are a consequence of
(4.4.12) and (4.4.13) in Theorem , since assumptions imply that F is also a set of finite
h-perimeter on any bounded open set of 2. The same theorem shows that (4.1.15)) and (4.1.16])

are a consequence of (4.4.10) and (4.4.11)), taking into account that \divF](El’FAEﬁ_l) = 0.
Thus, we conclude the proof. O]

Remark 4.6.6. The normal traces of I’ on the reduced boundary of an Euclidean set of finite
perimeter E satisfy the same locality property stated in Theorem As a byproduct, we
have also provided an alternate proof of the locality of normal traces on reduced boundaries of
Euclidean sets of finite perimeter. Such proof does not employ De Giorgi’s blow-up theorem,
which was essential in |52, Proposition 4.10].

Arguing as for Theorem [.1.5] we can provide a generalization of Green’s identities to
stratified groups for sets of Euclidean locally finite perimeter, Theorem [£.1.6] which extends
the result of [52, Proposition 4.5] to stratified groups.

Proof of Theorem[{.1.6. Tt suffices to combine the results of Theorem [1.4.10| with the case of
a set of Euclidean finite perimeter. By Theorem {4.6.4] we know that, up to |Agul-negligible
sets, E! = Eh, and so we get (4.1.21]). The same is clearly true up to |Agyv|-negligible sets,
and this concludes the proof. ]
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Chapter 5

Evolution problems for Radon
measures

5.1 Introduction

In this chapter we describe a current research project with Luigi Ambrosio, Mark A. Peletier and
Oliver Tse, concerning the modelling of dislocations in crystals (for which we refer for instance
to [88,189,93,94,153]) and related systems of evolution equations for couples of nonnegative
measures (ju1, p2) of the following form

g = divV(Vxp) —o
%,ug = —div(eV(V xp)) — o

for ;1 = py — pa, some interaction potential V', and some (possibly nonlinear) dissipation term
o depending on py and po. Section is devoted to a quick overview of the models for the
dynamics of dislocations (borrowing especially from [89]) and of the previous works [18}/21}/115]
by Ambrosio, Mainini and Serfaty on systems of evolution equations such as . Then,
employing techniques from the theory of abstract gradient systems, we try to represent these
evolution equations as the gradient flows of a given energy with respect to a suitable distance
among couples of nonnegative measures. To this purpose, in Section[5.3|we outline the definition
of a family of Hellinger-Kantorovich distances introduced by Liero, Mielke and Savaré in [108|,
109]. After focusing on a particular case of such distances between couples of nonnegative Radon
measures, Dk, we study its properties, focusing on its Benamou-Brenier formulation in Section
b.4] In particular, we give an alternative representation of Dk in terms of the minimization
of an action functional A, we prove the existence of (weakly) continuous minimizing curves of
measures which realize this minimum, we show that Dk is indeed an (extended) distance on
M (R™) x M (R"™) and we prove that the convergence with respect to Dk implies the narrow
convergence between couples of nonnegative Radon measures. Then, Section contains a
state of the art description of our research concerning the first variation of Dk under different
types of perturbations. The final goal of this investigation would be to derive Euler-Lagrange
equations for the distance Dk. Future research shall go in the direction of analyzing further
properties of this Hellinger-Kantorovich distance, such as its dual representation, with the
final aim to apply the classical methods of minimizing movements to prove the existence of
solutions satisfying some type of energy dissipation equality. However, our investigations met
an unexpected obstacle which we describe in Section [5.6} the local (or descending) slope of the
self energy

(5.1.1)

Dere (f1, ,u2) = (R™) + M2(Rn)

is not lower semicontinuous with respect to the distance D, so that classical results from the
theory of gradient flows do not seem to apply.
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5.2 Models for the dynamics of the densities of disloca-
tion

We start by giving a short summary of the models of evolution of dislocations in crystals, since
a full account of it would go beyond the scope of this exposition (for a more detailed description
of this framework, we refer to [89.,[153]).

Dislocations can be defined as defects in an atomic lattice, and they play a central role in
the theory of plastic deformation. In particular, in a three-dimensional lattice a dislocation is a
line defect. Thanks to the periodicity of the atomic lattice structure, it is possible to represent
straight parallel edge dislocations as points in the two-dimensional plane perpendicular to the
dislocation line. The key idea is that the macroscopic plastic deformation is the result of the
combined motion of a large quantity of dislocations: at the continuum-level, the effect of the
dislocation is described by certain types of measures, the densities of dislocation. For this
reason, historically, models of plastic deformation have been different according to the chosen
scales.

A widely accepted model for the evolution of dislocations at the continuum level was intro-
duced by Groma and Balogh in [93,94]. The authors considered the evolution of positively and
negatively oriented straight parallel edge dislocations in a three-dimensional periodic lattice,
and denoted by p* and p~ their respective densitied'| Considering the interaction between
dislocations as controlled by some coupling interaction potential V' and the presence of some
external forces represented by a smooth external potential U, the Groma-Balogh equations are
the following system:

{gthr = div (pH(VV % (" — p7) + VU)) (5.2.1)

Lp= = —div(p~(VV = (p™ —p7) + VU)).

The purpose of [89]/153] is to show rigorously that indeed is possible to pass from the discrete
model of dislocations to the continuum one given by . We give here a short description
of the formal argument.

Because of the periodicity, it is possible to consider the dislocations as points in the torus
T2, on which we define the discrete elastic energy

~ 1 Ui 1 &
J i=

i=1 j=
JFi

where z = (z1,...,7,,) € (T?)™ and b = (by,...,b,,) € {£1}™ denote the position and the sign
(orientation) of each dislocation. We assume now that the evolution of the dislocations is given
by a gradient flow of the energy, namely,

dx(t)
dt

= —mV E,,(z(t);b), (5.2.2)

which is Orowan’s relation. If now we pass to the framework of measures, we can define the
empirical measures associated to the discrete densities of the positively and negatively oriented
dislocations:

Oz,

1
/’Lm = — (3
m iz

b=

iM:

Oz;y M =

1 m
m 1

o
I
—

1

4

IWe stress the fact that, in this context, p* do not denote the positive and negative part of some given
Radon measure p.
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It is not difficult to check that, at least formally, p} and pu,, satisfy . Hence, if we
assume that p converge to some p* in a suitable weak sense as m — +oo, then these limit
measures should satisfy as well. The difficulties related to obtaining a rigorous proof
of this convergence are caused by the singularity near the origin of the interaction potential
V', which is a Green’s type function. This issue is central to the paper [89], and we refer the
interested reader to it.

We observe that the discrete evolution system ([5.2.2)) is a gradient flow, and, at least for-
mally, pT(t), p~(t) being curves of measures limits of discrete dislocations densities, it would
seem possible to give an interpretation of as the gradient flow of some free energy func-
tional with respect to a Wasserstein-like type of distance. In order to avoid some complications,
we shall consider the case of a constant external potential U, adding instead a dissipation term
o asin (p.1.1). Along this line of thought, in [18,21] a system of evolution equations very similar
to , the Chapman-Rubinstein-Schatzman-E evolution model for superconductivity, has
been studied by viewing it as a gradient flow on a particular space of measures in a suitable
sense. More precisely, in [18] the authors investigated the case of real-valued signed measures,
which is closer to the physical model, and thus they were forced to introduce new concepts of
Wasserstein pseudo-distances for signed measures.

The physical mean field model for the evolution of the density of vortices in a type-II
superconductor under the effect of an external magnetic field, derived formally by Chapman,
Rubinstein and Schatzman in [39] (see also the work of E [68]), is the initial value problenf}

{ZMﬂ—dWWWMMMﬂDZO in (0, +00) x O

5.2.3
1(0) = o at t =0, (523)

where €2 is a bounded open set with smooth boundary in R? (or R? itself under some additional
assumptions), po € M(Q) N H () is a signed Radon measure, and h,, is given by the elliptic

boundary value problem
—-A = in €
=g (5.2.4)

h,=1 on 0f).

In [21], the authors dealt with probability measures, and they showed that (5.2.3)) can be
seen as the gradient flow of the energy functional ®, for the quadratic Wasserstein distance
Wy, where

A 1
@a(p) 1= S1l(Q) + 5 [ VA + [y = 1 da, (5.2.5)

for some suitable A > 0. Then, it is possible to use the minimizing movement scheme ([13,/103])
in order to build a solution to this gradient flow in the Wasserstein space; that is, for any 7 > 0
we find by recursion a sequence of minimizers (1*) for the functional

1
v—= ;Wg(ﬂiila V) + (I)A(V)v

we construct a piecewise constant interpolation in time, and then we pass to the limit as 7 — 0.

The key idea of [18] is instead to consider signed measures, and to apply the minimizing
movement scheme using a pseudo-distance, which is required to be lower semicontinuous and
bounded from below by an actual distance. More precisely, if we let

pov € My u(Q) = {pn € M(Q) : u(Q) = &, |p|(Q) < M},
such that [v](2) < |u|(2), then it is possible to define the functional W2 (v, i) as

inf {W5 (o, u*) + Wi(o9, ™) s 01,09 € MF(Q),01 — 05 = v,01(Q) = 1+ (Q),02(Q) = = (Q)},
(5.2.6)

2Unless otherwise stated, in this chapter the operators V,div, A are intended to be acting on the 2 variable.

147



where p* and p~ are the positive and negative part of the measure pu, so that p = ﬂ* —p~ and
|| = p*+p~. Ttis clear that this functional is not symmetric in general, unless [v/|(§2) = [1[(£2),

since in this latter case v+ () = p™(Q) and v~ () = (). Thus, in such a case the only
couple (o1, 03) which we can choose is (v, r7), and the pseudo-distance W, reduces to

Wi(v, 1) = JWR(w+, i) + W3(v—, po),

which is the 2-Wasserstein distance on the product space Mt (€2) x M (), where a = (),
B =p (92) and - -
ME(Q):={0 e MT(Q):0(Q) = a}. (5.2.7)

One can also show that W, does not satisfy the triangle inequality in general. However,
these two properties are not really essential for the minimizing movement scheme, while it
is relevant that W, is lower semicontinuous with respect to weak convergence of measures.
We refer to |18,|114] for investigations on other notions of pseudo-distances for signed Radon
measures.

Then, following [18] we can consider the following discrete minimization problem: for a
given u € M, 1(Q) and 7 > 0, solve for

1
min_ &)+ —WE(v, ). (5.2.8)
VMo, 11 (@), 0](@) <l () 27

The strategy is to consider a perturbed functional where the energy is given by
O (1) = Dr(v) + 5/9(&)4611«, (5.2.9)

for § > 0, where 7 := yqv and we identify v with its density when v < £2, with a little
abuse of notation. We also let 7 := xgqv. It is then proved that the perturbed minimization
problem admits a solution z° and that any limit point as § — 0 is a solution to . The
Euler-Lagrange equations for the perturbed problem allow us to show, by an entropy argument,
that, if the initial datum is LP regular enough (p > 4), then the solution to the perturbed and
unperturbed problem preserves that LP regularity.

Now, in order to deal with the boundary, the key idea of the discrete time minimization is
to start by considering the interior part of the previous minimum and then adding its boundary
part to the new step. Given a time step 7 > 0 and an initial datum p? = pu® € M, 1 (Q) N
H~1(2), assuming that the k-step p* has already been defined, we set 5! to be the minimizer
of )

min_ ~DA(v) + — Wi (v, iF),
vEMs 1 (@)@ <2k @) 27
where k' = %(Q). Then we let o1 = V¥ + ik € M, 1(Q) and we define the piecewise
constant interpolation fi,(t) := pl*/7! for any ¢ > 0. After having found a discrete C%'/2
estimate, we see that there exists a sequence 7, — 0 and a measure u(t) € M, () such that
fir, (t) converges weakly to u(t), preserving the uniform bound in L*(Q) if u° € L(Q).

Finally, calculation made by hand’, employing again the Euler-Lagrange equations for the
discrete minimization problem, allowed the authors to prove their main result, [18, Theorem
1.1].

Theorem 5.2.1. Let i° € LY(Q). The minimizing movement scheme produces a signed measure
u(t) € L)) which satisfies 1(0) = p° and

d
ﬁu(t) — div(xoVhuup(t)) =0 in the duality with C2°((0,4+00) x R?), (5.2.10)
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where p(t) is a suitable positive measure satisfying p(t) > |u(t)| in Q.
More precisely, there exist two positive measures on €, pi(t), pa(t), and a positive measure
o =0y on (0,+00) X € such that u(t) = pi(t) — pa2(t), p(t) = pi(t) + p2(t) and
41 (t) — div(xaVh t)) =—olt
aP(t) = AV Vhuon(8) = =00 Gy iy with €22((0, 400) x B).  (5.2.11)
giP2(t) + divixaVhumpa(t)) = —o(t)

It is possible to see that, if pg is positive, then p(t) is positive and p(t) = u(t) (and so,
p1(t) = pu(t), p2(t) = 0), coherently with the results stated in [21]. It is conjectured that this
scheme could be improved to obtain p(t) = |u(t)|, so that pi(t) = p*(t) and po(t) = u=(¢).
However, up to now it is not known whether p; and p, are orthogonal in the general case.
On the other hand, the measure ¢ takes into account the mass cancellation, but it still lacks
unfortunately an explicit expression.

A first attempt to characterize o could be to ask for no mass cancellation (or vortex anni-
hilation, in the Ginzburg-Landau model framework). This idea has been carried out in [115],
where couples of positive measures with fixed mass and finite second moment are considered
instead of signed measures.

We summarize this approach as follows. Let Q be a bounded domain in R? with smooth
boundary (or = R?) and let us define

M2(Q) = {M e M Q) : (@) = a, /ﬁm? du(z) < oo} .

Given an initial datum B B
(1, 15) € MG(Q) x ME(Q),
for some a, 8 > 0, such that xo(ui — 13) € H1(Q), we want to find a couple of measures
(p1(t), po(t)) which is a solution, in the duality with C°((0, +oc) x R?), to
gt (t) — div(xaVhumm(t) =0

Lo () + div(xaVhumpe(t)) =0 (5.2.12)
p(t) = pa(t) = pa(t),

where h, ;) is the solution, for any ¢ > 0, to

hu(t) =0 on GQ, o

which is a variant of (5.2.4). In this setting, the energy functional is defined has

(11,1 = 20) = 5 [ i (5.2.14)

where g1 = p1 — 1o € M(Q). Tt is clear that ® does not see possible overlappings of p; and po,
since it depends only on the difference. We can also show that, if you € H~1(£2), an integration
by parts yields

1
O(p) = i/ﬂ\VhMde,

obtaining in this way strict convexity, nonnegativity and lower semicontinuity for ®. In the case

1 = R?, it is possible to obtain analogous properties with a slightly more complex argument.
In order to proceed, we apply the same minimizing movement scheme used in [18], with the

simplification that now W; is just the 2-Wasserstein distance on the product space M?2(Q) x
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M3(Q). Therefore, given initial data (49, u9) € M?2(Q) x M3(€2) with finite energy and second
moment (and no boundary part), and a time step 7 > 0, we need to find (u), and (us2), which
are solution to

. 1
min Dy — 1) + o= (W vn 1) + Wi (v id)): (5.2.15)
(v1,v2)EME (D) x M2(Q) 2T
Arguing again very similarly to [18], in [115] it is proved that L? regularity, for p > 4, is
preserved passing from the perturbed problem to the unperturbed one, where the perturbed
energy is given by

(1) = @) + 3 [ ()" da+3 | (a)* do

Thanks to the Euler-Lagrange equations for the perturbed minimization problem, it is pos-
sible to obtain entropy estimates as in [18] and then to show that the weak limit of the piecewise
constant interpolation is indeed a solution of . In order to build such interpolation, we
consider initial data (49, u9) € ME(Q) x MFE(Q) with finite energy and second moment, and
a time step 7 > 0, and we find recursively (v;)* and (15)* which are solution to

. 1 .k N
min vy — wo) + - (W, ()5 + Wi, (2)E), (5.2.16)
(VI,VQ)eMzk(Q)xMBk(Q) 2T

where oy, = (181)*1(Q) < a and B, = (fi2)*1(2) < 3. We then let

()% = (va)k + (fig)s™", fori=1,2.

After having constructed a couple of piecewise constant interpolations as customary, it is
possible to pass to the limit for a suitable subsequence 7,, thus finding a couple (p(t), pa(t))
which is the weak limit of ((fi1)s, (t), (fi2)s,(t)). In this way, the following theorem, the main
result [115, Theorem 1.1], is proved.

Theorem 5.2.2. Let (1, 19) € ME(Q) x M} (Q) be such that xoud € LP(Q), p > 4 and i =
1,2. Then there exists a weakly continuous map (py(t), u2(t)) on [0,4+00), uniformly bounded
in LP(Q), satisfying 1;(0) = pf, i = 1,2 and (5.2.12)), where pu(t) = p1(t) — po(t). In addition,
the following energy dissipation equality holds:

() + [ [ 19k P dlon(r) + pa(r) dr = @(4(5)) (5.2.17)
foranyt>s>0.

It is plain to see that Theorem is not affected by any of the uncertainties of Theorem
m, as a consequence of the absence of the dissipation term in . However, we want
to deal with the general case for 0 # 0: to this purpose, in the following section we
consider new types of distances between couples of nonnegative finite Radon measures.

5.3 The Hellinger-Kantorovich distance

Following the works [108,/109], it is possible to redefine the framework of the minimizing move-
ment scheme itself, by passing from the product Wasserstein distance (or one of the possible
pseudodistances considered in [114]) to a version of the Hellinger-Kantorovich distance, defined
through an Onsager operator K.

The Onsager operators appear in the context of abstract gradient systems. A triple (X, F, V)
is called a gradient system if X is a Banach space, if the functional F : X — R U {oc} has a
Fréchet subdifferential DF (u) € X* well defined on a suitable subset of X, and if the dissipation
potential W satisfies the following properties:
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e for any u € X, ¥(u,-): X — [0, +00] is lower semicontinuous and convex;
e U(u,0)=0.

In classical gradient systems, W (u, -) is a quadratic form; that is, there exists a symmetric and
positive (semi-)definite operator G(u) : X — X* (called the Riemannian operator) such that

U(u,v) ;(G(u)v,w

for any u,v € X.

If we denote by ¥*(u,-) the Legendre-Fenchel transform of the dissipation potential, then
we can define the Onsager operator K as the symmetric and positive (semi-)definite operator
K(u) : X — X* such that

U™ (u,v) = ;(K(u)v, v)

for any u,v € X. It is possible to see that K(u) = G(u)™! and K(u)™' = G(u).
In this setting, the gradient evolution is given by the equation

d
prih —K(u)DF(u).

In our contextf],

X = { (1, 112) € Mo(R) x My(®): [ ol dafa) < o0,i = 1,2},

and, letting p := py; — po, we consider as the free energy

By pz) = 5 [ (V) dict pn(BY) + po(RY), GERY

which is the sum of an interaction energy, for some suitably regular potential V', and the so-
called self energy. If n = 2, the interaction part can be for instance chosen to be the standard
Dirichlet energy, as in [115],

[t dute) = = [ ogle =yl duty) due)

for h,, defined as in (5.2.13) with = R? and no boundary conditions, and p € L*(R?)N L?*(R?)
with finite second moment. As for the second term in the energy, it has been conjectured to
be the I'-limit of a sequence of discrete energies arising from dislocation models, under some
suitable assumptions (see [153, Conjecture 5.5.1]).

Then, we consider a type of Onsager operator which arises in reaction-diffusion systems (for
a detailed study, we refer to |122]):

K1, p2)§ = —div(M(pur, p2) VE) + H(p, p2)&, (5.3.2)
where M is a symmetric and positive definite matrix and H is the reaction matrix.
We choose
[ O
M) = (1) (533

3For the purpose of modelling the dynamics of the densities of dislocations it would be enough to consider
the dimension n = 2; however, the abstract gradient flow structure allows us to deal directly with R".
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and

H(p1, p2) = ;f(ﬂhm) ( 1 1 ) ; (5.3.4)

where f : [0,+00) X [0,4+00) — [0,+00) is a continuous function such that f(z,y) = f(y,x)

and f(z,0) = £(0,y) = 0.
Now, we see that, at least formally, the Fréchet differential of ® is given by

1
Do) = (L g (X ) (5:5)

Hence, we have that the (formal) gradient system evolution is given by

%“1 = diV(mV((V * '“) + X{u1>0}>> - %f(/v‘la M2)(X{u1>0} + X{u2>0})
Spy = div(paV(=(V % 1) + Xgus0p)) = 5.5 (11, 12) (X >0) + X{ua>03)5

which reduces to

{iﬂl = div(u V(V % p)) — f(pa, pio) (5.3.6)

D1y = —div(ueV(V * ) — fu, pe),

since clearly f(pu1,u2) # 0 only if g > 0 and pe > 0, and, at least formally, the distribution
Dx{u;>0y is supported on the set {p; = 0}; thus p; Dx(,,>01 = 0. In this way, we see that the
diffusion part of K deals only with the interaction energy, while the reaction part only with the
self energy: therefore, there is a decoupling, as if the two parts of the Onsager operator and
the energy have orthogonal roles.

Since K is the inverse of the metric tensor G, it can be used to define a Hellinger-Kantorovich
distance (for a detailed exposition, we refer to [108]) as

D3((1,2), i) = it { [ [V Moy, o) VE + - Bilpr, p)e s,

d
- ( 2; ) = —div (M(p1, p2)VE) + H(p1, p2)§,

pi(0) = i, pi(1) = vy,0 = 1,2}-

The action minimization which defines this distance can be rewritten slightly more explicitly
in the following way:

D3(,02), (o) = int { [ [ o VG + ol V&P + 5 (o, )6+ €27 ds, (5:37)

d{p\_ . [ ¢mV& 1 §1+ &
ds < P2 ) B d1v< p2V&2 ) * 2f(p1,p2) < &1+ & ) ’

In order to derive rigorously the existence of a solution to , we can use this distance
and the energy ®, and then apply the machinery of the minimizing movements scheme. To
this purpose, we first study more in detail the properties of a slightly modified version of the
distance Dy.
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5.4 The Benamou-Brenier formulation of Dy

We define a distance of Hellinger-Kantorovich type for couples of measures

(k1, p2), (1, 12) € MG (R") x M (R™).

To this purpose, we consider a continuous concave function f : [0, +00) x [0, 4+00) — [0, +00)
satisfying

flz,y) = f(y,z) >0 for z,y > 0, f(x,0) = f(0,y) =0 and f(z,y) <C(x+vy), (5.4.1)

for some constant C' > 0; and we denote by f., its recession function, given by

Clearly, foo(0,9) = foo(z,0) =0 and 0 < foo(z,y) < C(z + ).

Then, we set

1 2
D (1, v2), (b1, o)) = inf { /0 (/Rn vy [? dp1t + vz ] dpat + |£2| df (p1,¢, P2,t)> dt, (5.4.2)

i P1 T V11 § 1

o ( 0 ) = d1v< Vo > + 2f(p1,p2) ( 1 ) : (5.4.3)
(prp2) € C([0,1]; M (R”) x M (R)), (5.4.4)
Pio = Vi, Pij1 = /Lz,l = 1, 2}, (545)

where f : M (R™) x M4 (R") — M, (R") is the map given by

dpi® dp5° dpi dps
£(p1,p =f< , dz + foo s v ) Aot )l
o) = a0 A ) 1)

We stress the fact that (5.4.3)) and (5.4.5)) have to be intended in a distributional sense; that

is,

_/ol/nagpgﬁ) pial(w) dt = // V90 Uztl’)dpm( ) dt-+ (5.4.6)
+/ (p1e(), pas(x)) dt+
—I—/Rngo 0,z) dl/i(:v) —/Rn o(1, x) du;(x)

for i = 1,2 and any ¢ € C2°([0, 1] x R™). Actually, thanks to a simple regularization argument
via convolution, it is possible to show that the test functions ¢ may be taken in C}([0, 1] x R™).
In addition, if we select test functions of the form ¢(t,x) = n(t){(z), for some n € C°([0,1])

and ¢ € C2°(R™), then reduces to
dt/ z) dpis(x :/Rn V() - vilt, z) dpig(a 2/ £(t, ) dE(pro(2), pas(z)) (5.4.7)

for i = 1,2, all t € (0,1) and any ¢ € C°(R"). Actually, this formulation is equivalent to
(5.4.6)), by the density of the space Span ({n¢ : n € C=°([0,1]),¢ € C=®(R™)}) in C1([0,1] x R™).
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Remark 5.4.1. We observe that, if 1;(R") = 1;(R") for ¢ = 1,2, then

D% ((v1, 1), (p1, p2)) < W3 (11, pa) + W5 (v, pi2).
Indeed, we can choose £ = 0 and py, p2, v1, v2 to be the solutions of the continuity equations

d

%pi = —div(v;p;),1 = 1,2,

which are well known to exist, thanks to the Benamou-Brenier representation of the Wasserstein
distance (for which we refer for instance to |13, Chapter 8]).

For the scope of this section, it is useful to recall the notion of narrow convergence of
nonnegative finite Radon measures.

Definition 5.4.2. Let p, ux € M*T(R"), k € N. Then we say that py, narrowly convergence to
i as k — +oo if

lim def=/ pdy
Rn

k—+o00 JR7
for any ¢ € Cp,(R").

Remark 5.4.3. Given a sequence of nonnegative finite Radon measures (of,o%) which is
narrowly converging to some (op,03), then, for any converging subsequence of (f(oF,a5))s
(which we do not relabel), we have

k—+o0

lim [ wdf(of, o) / b df (01, 0), (5.4.8)

for any ¢ € C,(R™), ¢ > 0. This means the f is a narrowly upper semicontinuous nonnegative
measure valued map. In particular, (5.4.8) holds for ¢ = 1, so that we have

lim [ df(ok, k) < / df (01, 02). (5.4.9)
]Rn

k—+o0c0 JR7

Indeed, f(of,ob)(R") < C(oF + ob)(R") < C, since the sequence (0¥, 0%) is narrowly
converging. Hence, there exists a narrowly converging subsequence whose limit we denote by
f,. By concavity, we have

flas) = o + by + ),
foo(xa y) = Hjlf{a].’ll' + bjy}a
for some suitable sequences of real numbers (a;), (b;), (¢;) (see |11, Proposition 2.31 and Lemma

2.33]).
Then, for any ¢ € C,(R"), ¢ > 0, we have

[ wdt, = lm [ wEohoh) < lim [ wd(ajaf+bja§+cj):/ W d(ajoy + bjoy + ¢;).
o) %) R

Thus, by splitting the o;’s in absolutely continuous and singular parts and passing to the
infimum in j € N, we conclude our argument.

In order to prove that the functional Dk is indeed a distance, we exploit an alternative
representation. To this purpose, we recall the notion of generalised product of Radon measures
(for which we refer to |11, Section 2.5]).
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Definition 5.4.4. Let U C R*, V C R™ be open sets, p € M, (U), and z — v, a function
which associates to each z € U a finite Radon measure v, on V. We say that this map is
p-measurable if z — v,(B) is p-measurable for any B € B(V).

If we assume in addition that
[ (V) duz) < oo,

we define the generalized product  ® v, as the finite Radon measure on U x V' which satisfies

1 v.(B) = /U ( /V (2 ) dz/z(y)) du(2) for any B € B(U x V).

Thanks to [11, Proposition 2.26], we know that the measure o := p ® v, is well defined,
belongs to M(U x V') and satisfies

/vaw(z y)do(z,y) / </ Y(z,y) dv.(y )) du(z)

for any bounded Borel function ¢ : U x V — R. In addition, if 7 : R* x R™ — R" is the
projection on the first coordinate, 7(z,y) = z, then mxo = v,(R") p.
In view of this definition, we set

= gl L(O, 1) (%9 Pits 1= 1, 2 and X := gl L(O, 1) (%9 f(Pl,t, P2,t>- (5410)
Then, we define the following Radon measures on (0, 1) x R™:

w; = 0y, fori=1,2, and n = £X. (5.4.11)

Thanks to (5.4.10) and (5.4.11]), we see that

1 2 dw duw, | 1|dp [
/ ( [ orPdon + foaon + L pl,m)dt [ da; don + |d d02+2|dg 05
Arguing in this way, we can give an alternative definition of D:
D (1, v2), (jun, p12)) := inf /1/ dws* oy [deef g Ll (5.4.12)
Vi, U = 1in — — 4.
K 1, V2), (K1, 2 o Jen | doy 01 oy o9 + 2 ax )

where the infimum is taken over all the oy, 09,2 € M ((0,1) xR"™), wy, wy € M((0,1) xR"™; R")
and n € M((0,1) x R"™) such that

d

-0 = —divw; + g F(Go@vi— i ®m), i=1,2. (5.4.13)

In addition, if 7(¢,z) = ¢, we require that

d%#O’i

Ty < L1(0,1), 7101 € L>((0,1)), i = 1,2, (5.4.14)
and
ATy dryo dryo
TN < 2101, [t | 5 =1 7o 72 5.4.15
Tl < Z7L{0,1), <d.$1I_(O,1)>t ! (d.zlL(o,m T gt 0.0 ) B4

where ;4,1 = 1,2 and ¥, for t € (0,1) are positive finite Radon measures on R" coming from
the disintegration of o; and ¥, respectively, so that 0; = Tx0; ® 0, and ¥ = T2 ® X, (see
[11, Theorem 2.28]).
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We remark that (5.4.13]) has to be intended in a distributional sense; that is, for any i €
C1([0,1] x R") and ¢ = 1,2, we have

Lo oYt 1
_/ / wét,rc) do;(t, x) :/ Vz/)(t x) - dw(t,x +/ 295) dn(t, 1)+ (5.4.16)
0 n
+/ (0, z) dy; — / (1, x) du;.
]Rn
It is plain to see that (| is equivalent to , thanks to (5.4.10) and (5.4.11]). There-

fore, it seems natural to wonder whether Dy and DK are 1ndeed different representations of
the same distance. To this purpose, we need to show that, if there exists weak solutions
p1,p2 € L=((0,1); M (R")) of (5.4.3), then they admit a continuous representative, under
some additional assumptions on the velocity fields vy, v, and the reaction factor €. This techni-
cal result and its proof are very similar to their analogues for the continuity equation as stated
in |13, Lemma 8.1.2].

Lemma 5.4.5. Let (py, p2, v1,v2,&) be a Borel family of measures satisfying (5.4.7)) and
pi € L=((0,1); Mo(R™)), [vi] € L((0,1); L'(R™; i), & € L((0,1); L'(R™ £(p1, p2))),
(5.4.17)
fori=1,2.

Then there exist continuous curves p; € C([0,1]; M (R™)) such that piy = piy for L*'-a.e.
€ (0,1). In addition, if ¢ € C}([0,1] x R") and 0 < t; <ty <1, fori= 1,2 we have

/Rn C(t, @) sy (7) — /R C(t, @) s, ( /tlt / (t, ) dp;(z) dt (5.4.18)
+f [ et lt, ) o) dr
7 [ 5600 €0t ) a0 a0
Proof. For any fixed ¢ € C2°(R") and ¢ = 1,2, we define the maps
PG,t) = [ @) dpuala), ¢ € (0,1),
which are just the representation of the action of the finite Radon measure p; () on C2°(R") C

C.(R™). Thanks to (5.4.7) and (5.4.17)), it follows that P;((,-) is well defined and belongs to
Wh1(0,1), with weak derivative given by

() :/Rn V() - vi(t, ) dpiy(x 2/ E(t, ) df(p14(), pas()). (5.4.19)

In addition, we get _
[Pi(¢ O] < NSl (Vi) + Z(2)), (5.4.20)

where
[¢llergny == max{[|C]| Loe®n); [|VC]| Loo mnirm) },
Vilt) = [ Juilt.2)] dpia ),
2(t) = [ 16(t2)| dE(prala). pra(a)).

We notice that V;, = € L*((0,1)), because of (5.4.17)), so that V;(t),Z(t) < oo for any t € Fy, =
with £1((0,1) \ Fy.=) = 0. Hence, 1) 1mphes that, for any t € Fy, =, Bi(-,t) can be
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extended to a continuous linear functional on C}(R™). If we denote by Lp,(c,) the set of Lebesgue
points of P;((,-), we know that £*((0,1) \ Lp,c,)) = 0. Hence, thanks to the separability of
CHR") with respect to the norm || - ||¢1(rn), we can find a countable dense set I' and define
Lr; := Neer Lp,c,)- If we set L; := Fy, =N Ly is clear that 2*((0,1) \ L;) = 0, and we notice
that the restrlctlon of P; to L; is a uniformly continuous family of linear bounded functionals

on C}(R"), since (5.4.20)) yields
PG 0) = PG < ICllereny [ Vitw) + =) du (5.4.21)

for any ¢ € C}(R") and any s,t € L;, s < t. Thus, {P;(-,t) }sez, can be extended to a continuous
curve { P;(-, ) }1e(0.1) in the dual of C}(R™): it is enough now to prove that { P;(-, %) }+c(0.1) belongs
indeed to the dual of C,.(R") in order to conclude the existence of a continuous representative
pit of pir. To this purpose, we claim that the uniformly bounded family {Pi(-,t)}ser, is also
uniformly tight: then, by applying Prokhorov’s theorem [27, Theorem 8.6.2], we conclude that
any accumulation point of that family has to be a finite nonnegative Radon measure, so that
{P,(-,)}+c(0.1) can be actually represented by a continuous curve {p;}rc(0.1) € M, (R").

In order to prove the claim, we start by noticing that P;(-,¢) can be extended to a functional
on C}(R™), thanks to (5.4.17)). Then, let us consider a family of cutoff functions ¢, € C°(R")
satisfying

0<G <1, G(z)=1if |z| <k, G(x)=0if |z| > k+1, |V <2
Without loss of generality, we can assume that ¢, € I" for any £ € N. By (5.4.19), for any
ke N and s,t € L;, s < t, we have
1
P~ Got) = P(1 = Ges) <2 [ v, 2)| dpsu() du
0 JB(0,k+1)\B(0,k)

1
* 5/0 /R”\B(O,k) [€(u, 2)] dE(p1u(2), P2,u(2)) du.

By (5.4.17)), it is clear that the right hand side of this inequality goes to zero as k — 400, so
that, for any € > 0 there exists ky € N such that

|Pi(1— (i, t) — Pi(1 — Grys)| < e

for any k > ko. Analogously, P;(1 — (x,s) < € for any k > k;, for some k; € N. Hence, by the
triangle inequality, we have

dp; < P(1-— 1) < 2
J—WORS ARSI

for any ¢t € L; and k > max{ko, k1 }. This proves the uniform tightness of the family {p;}er,,
and enables us to apply Prokhorov’s theorem.

Finally, we pass to the proof of (5.4.18). Let at first 0 < ¢; < ¢, < 1. We select ¢ €
C1([0,1] x R™) and a sequence n;, € C°(ty,t,) satisfying

0 <me(t) <1, ne(t) = X (t) for any ¢ € (t,t2), 7L L(0,1) = &y — &,
Then, using (5.4.7)) we get
1 1 1
0= [ | (@) +Vlme) - v) dpssdt+ 5 [ [ mep dt(pors, pa) e

—/ nk(/ (Op + Vo -v;) dpm+2/ @fdfplt,pzt>dt+/ nk/ wdp;dt.

Thus, we conclude by passing to the limit in & — +o0o and employing the continuity of p; ;.
Then, if we have for t; = 0 (or to = 1), we employ (5.4.18) with t; = 1/k (or to = 1 — 1/k,
respectively), and pass to the limit in k¥ — 400 using again the continuity of p; ;. O]
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Corollary 5.4.6. D = /D\H;.

Proof. Given py, pz,v1, vy, & satisfying (5.4.3)), (5.4.4) and (5.4.5)), it is plain to see that, if we
define o1, 09, &2, w1, we,n as in (5.4.10) and (5.4.11)), then (5.4.13)) is satisfied, in view of (/5.4.6))
and (5.4.16)). In addition, for i =1, 2,

Tuo; = pis(R") Z£11(0,1),

which gives us (5.4.14)), thanks to (5.4.4). This shows that Dx > Dy, which in particular means
that, if Dg = +o00, then Dg = +o00. Without loss of generality, let vy, vo, 1, 2 € M4 (R™) be

such that ﬁﬂg((ul, V), (11, o)) < 0o. Given oy, 09, X, wy, ws, n satisfying (5.4.13)) and (5.4.14)),
let us assume that
1
b L

In particular, since 0;((0,1) x R") < 0o, ¢ = 1,2, this means that

2 2

1
di dX < oo.

2
d g /s
2t 510

dwy
dO’l

d _“
O'1+’d0_2

dwi

dO’i

d
e L'((0,1) x R™; o), d% e L'((0,1) x R %),

for i = 1,2. Then, we consider the disintegration of the measures o;,7 = 1,2: by [11, Theorem
2.28], we know that there exist positive finite Radon measures o;,; for t € (0,1) such that
t — 0,4 is Tgo;-measurable and o, (R") = 1 for 7yo;-a.e. t € (0,1). However, thanks to
(5.4.14), we see that 7yo; < £11(0,1), with density in L>=((0, 1)), so that

dryo;
_ AT e L°((0,1): M, (R™)).
Now, we set
dﬂ'#O’i dwz . d’f]
. = _—_— . = — e 1 2 = —
Pit (d,ﬁ,ﬁl L(O, 1)>t Oity, U; dO’i , 2 ) &y and 5 dza

and we employ ([5.4.15)) to show that
dmy

=7 = ¢! 1 Sk i
E W#E@Et g L(O, )®<d¢%1|_(0,1)

> Et = gl |—<07 1) ® f(pl,t7 102,t>7

t

where ¥; comes from the disintegration of ¥, in analogous way as we did above with o; ;.
Thus, in this way we obtain a weak solution to ([5.4.3) and ([5.4.5) satisfying the assumptions

of Lemma , which implies the existence of a representative continuous in ¢ for p;; and pa.
This ends the proof. m

Since we showed that to any measure 0;,7 = 1,2, as in the definition of Dy can be associated
a continuous curve of measures p;, from this point on we set o; := £'L(0,1) ® pis,i = 1,2.
Analogously, we set X(py, p2) := L1L(0,1) @ £(p14, pas)-
The main advantage of the different representation given by lies in the possibility
to achieve a form of weak lower semicontinuity for the the action functional
df(ﬂl,Pz)) dt

1
A(p1, pa, wr, wa, m) 1:/0 (/Rn
(5.4.22)

for p; € C(]0,1]; ML (R™)), w; € M((0,1) x R";R™), with w; < o;, and n € M((0,1) x R"),
with n < X(p1, pa)-

To this purpose, we recall a technical lemma on a joint lower semicontinuity properties of
sequence of measures and functions.

2 2

dw,
dUQ

2
1 d
dps + ~ 1

dw1 |
2 dz(,ola pz)

dO’l

dp1+|
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Lemma 5.4.7. Let (X,d) be a metric space and py,, p € M (X). If p — p and fr, € L*(X; ug)
with || fillr2(xyy < C < oo for any k, then there exists a measure o such that, up to a
subsequence,

L frpw — 0,

2. 0= fu for some f € L*(X, ), and so o0 < pu,
. 1l < Himint | ull .

It is possible to show (see |11, Theorem 2.34 and Example 2.36]) that this result is equivalent
to the joint lower semicontinuity with respect to the weak convergence of the functional

2

N du ifo < p

F(o,p) = /X !

+00 otherwise.

Lemma 5.4.8. Let

P]f,t7p§,t € L™((0,1); M4 (R™)), Uf =<' L(0,1)® p?,ta
wh,wh € M((0,1) x R R™), wF < oFi=1,2,

7

" € M((0,1) x R"), n* < (pf, p5)
for any k, with

hmmeﬂz( )HLw(m)) 00,
llmlnf//
k—+4o00 n
liminf//
k—+o00 n
k. k

[f (a{c70.12<:,w1’w2’77k) - (017027w1>w2777): then we have

i

da

d,oz dt < oo,

df(p17p2) ds < 00.

dZ /017,02

= Z'(0,1) @ piy, for some p; € L=((0,1); M (R™)) with

| pi, (R™)|| oo (0,1)) < léglﬁgof ||p§7,(Rn)||Loc((o71)), i=1,2 (5.4.23)
2. w; KL 0y, with
1

L

3. n < X(p1,p2), with
1

.

Proof. Since o} — oy, then Tuof — 7Tyuo;. In addition, Txof = pf (R").Z'1(0,1), and, up
to a subsequence, pf (R") is uniformly bounded in L>((0,1)), and so in L?((0,1)). Hence, we
may apply Lemma to the sequence of functions pf(R") and of measures yu = Z'1(0,1),

dwi

dO’i

¢ 1 dw® |° &
< — - , = ; 4.
dp; dt hr_r;&glo / /n doF dpfdt, i =1,2; (5.4.24)

dE(p’f, p5)ds.  (5.4.25)

df(pl,pg )dt <hm1nf/ /

k—4o0

d%(p1, p2) df (Pt P5)
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in order to get Tyo; < Z11(0,1). Exploiting the disintegration of the measure o; (see [11]
Theorem 2.28]) as in the proof of Corollary we obtain

0 = T40; 0y,

for some finite nonnegative Radon measures o;; satisfying o;,(R") = 1 for Z'-a.e. t € (0,1),
thanks to the absolute continuity 740; < £11.(0,1). This allows us to define

. dmyo;
Pit=\dZL(0,1)),
Then, oF — o; implies that, for any ¥ € C.((0,1) x R"),

1 1 1 1
// ¢dpftdt:// ¢daf—>// wdoi:// W dp;, dt
0 JRn ’ 0 JRn 0 JRn 0 JRn

so that we obtain
1
’/0 /Rndfdpi,t dt‘ < 9l (120 @y lim inf 15 (R™) || £ (o,1)5

from which we get (5.4.23)), by passing to the supremum in

Y € Ce((0,1) x R™), [|[9]| 10,1y (rn)) < 1.

Let us con81der now w?. Up to a subsequence, we notice that, by the assumptions, w¥ = vFo¥

for some v¥ in L2((0,1) x ]R” ¥) with [[oF[] 2 01)an ) < C < oo forany kand i =1,2. We

apply Lemma “ to the sequences (oF), and (vF) and we immediately deduce that the weak

limit w; of w¥ satisfies w; < o; and 1)
As for the term involving f, we notice that f(p}, p5) < C(pf + pb), by - This fact

and the assumptions on p¥ clearly imply the uniform boundedness of Z(pl,pQ) ZL'(0,1) ®
f(p¥, p%). Hence, there exists a converging subsequence (which we do not relabel) (o, plg) —
¥,, for some ¥, € M ((0,1) x R™).

Therefore, employing again Lemma we obtain that n < ¥, and

1 dn
<
Ll s, <t [ [

It is not difficult to see that Remark implies ¥, < X(p1, p2) = ZLL(0,1) @f(p1, pa), which
means that

df o, ph) dt < oo 5.4.26
k| ) (5420

2p - hz(pla P2)7
for some h € L'((0,1) x R™ X(p1,p2)),0 < h < 1. We deduce that n < X(p1, p2), and, since
n = g%, for some g € L'((0,1) x R*; X,), we conclude that

n = gh¥(p1, p2).

Therefore, it follows that

2

3, =191*E, = gl Inl = |glh|n] = g]*h* (o1, p2) = ZLM(0,1) @ £(p1, p2).

dn 2 ‘ dn
ax, d¥(p1, p2)

Hence, (5.4.26)) implies (5.4.25]). [
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It should be pointed out that the narrow upper semicontinuity of f is essential in the last
part of the proof of Lemma [5.4.8]

Thanks to this type of weak lower semicontinuity of A, we can prove the existence of a
narrowly continuous minimizing curve (py ¢, pa¢) for the distance Dy.

Proposition 5.4.9. Let (i1, po), (v1,12) € M4 (R™) x M (R") be such that

DK((VD V2)7 (:ula /L2>> < 00.

Then there exist a weakly continuous curve (p1,p2) € C([0,1]; M4 (R™) x M4 (R™)), vector
fields vy, vy € L*((0,1); L*(R™; p;)) and a scalar reaction term & € L*((0,1); L2(R™; £(py, p2)))
satisfying

D]%((Vlv VQ)? (/}“17 /1“2)) = A(ph P2, W1, Wa, 7)): (5427)
where w; = vio; fori=1,2 andn = {X(p1, p2). In addition, for any0 < s <t <1andi=1,2,
we have

t
pit(R") = pis(R") = /s /Rn gdf(pl,pr,u) du. (5.4.28)

Proof. Since D ((v1, v2), (1, 12)) < 00, then we can find a sequence of admissible curves, vector
fields and reaction terms (p¥, p5, vf, v, %) satisfying (5.4.3) and such that, if we define wF and
n* as above, then

D]%&((Vb V2)7 (,ula ILLQ)) = kh—{Eo A(plfv Plgc, w’fv wlg’ nk)
We proceed now to show that the sequences p¥, p§ are uniformly bounded in L*°((0, 1); M (R™)).

We recall the definition of o = Z1L(0,1)®pf,, i = 1,2. Since (oF, of, wf, w§, n*) is a weak
solution to (5.4.13), by (5.4.16)) we have

_/Ol/n aiﬁg;, 7 dof(t,r) = /1 Vip(t,x) - dwF(t,x +/ 25295) dnf(t,x)+ (5.4.29)
+/ ¥(0,z) dy; — /Rn?ﬂ(l,x) dy;

for any v € C1(]0,1] x R™) and i = 1,2. Hence, if we choose ¥ (¢, r) ) in (5.4.29) for some
¢ € CH(R"), we deduce that, for any ¢ € [0, 1],
t 1 gt
ddpk, = / / Vo - dut + f/ / o dif +/ & dui. (5.4.30)
R™ ’ 0 Jre 2Jo Jrn R

Let p € C}(B(0,2)) such that ¢ =1 on B(0,1). For some R > 0, we define ¢pr(x) = ¢(z/R):
this function satisfies pg = 1 on B(0,R), g = 0 in R™\ B(0,2R) and |Vyg| < C/R. In
particular, we notice that

Lo pndpt < lenllien bR\ BO, ),
R\ B(0,R)

k<(/1/ dw
— \Jo Jrn|do

k|2 3 1 L
Ll dpl, ds) </ /R |Vor|?dp, ds) (5.4.31)
i ’ 0 n ’
C/n 3
<% ([ d@as)”,

t
/ VR -
0 Jrn

k
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1

2 1 1
it BV ds // df (0%, o%) d
(/ [ s ot ) ([ L 00 )
1
1 2
C(// df(p'fs,pé“s)dS)
0 JRWB(O,R) o1

<O ([ AR\ BOR) + R\ BO, B)ds )

IA

t
d
/0 /]R”\B(OR PR |

IA

D=

since (pf, p§, wh, wk n*) is a minimizing sequence, and by - This means that, for any

fixed k, all these terms goes to zero as R — +o0, since pf' € C([0,1]; M4 (R™)) and (5.4.17)
holds. Therefore, if we set ¢ = ¢g in (5.4.30) and we pass to the limit as R — +oo we get

t 1
PR = wi(R") = [ [ S dntds
b 0 n

U/n i) ([ [ oot )

< Gyt 2 [ AR (R ds,

| /\

df (Pt P5)

hence, by summing these inequalities for ¢ = 1,2, we obtain

t

phu(R") + b (RY) < 1+ Co [ b (R”) + g (RY) ds. (5.4.32)

Therefore, by Gronwall’s lemma and ([5.4.32)), it follows that
o J(RY) + g (R”) < CreC. (5.4.33)
Thus, (5.4.33)) implies that pf is uniformly bounded in L*((0,1); M (R"™)) for i = 1,2.
It is then obvious to see that the sequence of = Z'1(0,1) ® pﬁt is uniformly bounded in
M ((0,1) x R™), so that there exists a subsequence converging to some measure o;. Hence, by
Lemma we conclude the existence of a curve of measures p; € L>((0,1); M (R")) such

that o; = Z11(0,1) ® py, for i = 1,2.
Let us then show that (w}, w5, n*) is bounded in M((0,1) x R";R™ x R™ x R). We have

[ o= ([

and

7

dw® |2 . 3 1 S
dpt ds ( / pfsds) gc( / CleC2Sds> <6
do; 0 JRn 0

k

dE (pt, pz)

e ([ Llifal ) oo

</ plsRn +025(Rn)d5> <C(/ C’ec2sd3) < C,

by (5.4.33).

Thus, we find that there exist narrowly convergent subsequences (w¥) in M((0,1) x R"; R")
and (n*) in M((0,1) x R™), which converge to some w; and 7, respectively. In addition, since
AP, ph, wh, wh nF) < oo, we see that the conditions of Lemma are satisfied, and so we
can conclude that we have w; < 0y, n < X(p1, p2), together Wlth - and m This
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shows that there exist velocity fields v; € L?((0,1); L*(R™; p;)) such that w; = v;0;, and a scalar
reaction term & € L?((0,1); L?(R™; f(p1, p2))) such that n = X (py, p2).
Now, if we pass to the limit as k — +oo in (5.4.29)), we easily obtain

_/ol/n ad}gt’ 2 doi(t,z) = /1 o V(t,x) - dw;(t,x +/ 1&290) dn(t, z)+
+/ (0, 2) dy; — /Rn »(1, ) du;

for any i = 1,2 and ¢ € C}([0,1] x R™), which implies (5.4.7) by substituting

= gl I—(07 1) ® Pi,t> W; = v;04, N = gz(pla 02)7 E(pla PZ) = gl I—(Oa 1) ® f(pl,t» ,02,t)-

Thus, (p1, p2,v1,v2,€) is a weak solution of and we can employ Lemma to ensure
the existence of a continuous representative for the curves p;; and po ;.

Finally, we notice that, if we choose ((t,z) = pgr(z) in (5.4.18), and we use in order
to pass to the limit as R — +o0, we deduce . O

From this point on, we shall refer to couples of continuous curves of measures (pi,p2)
satisfying as to minimizing curves with respect to Dg. Before proceeding with the
description of the properties of Dk, we show a simple estimate on the total masses of any
minimizing curve.

Lemma 5.4.10. Let (uy, p12), (v1, 1) € ML (R") x M4 (R™) be such that

Dk ((v1, 12), (1, pt2)) < o00.

Then any minimizing curve (p1, p2) with respect to Dx from (v1,v9) to (u1, pe) satisfies

p1alB?) + o) < (m(RY) + 03B + SDx((01,w2), ()P ) €50 (5.4.34)

for any t € [0,1], where C := sup, ,~, f(z,y)/(z +y).
Proof. By (5.4.28)) with s = 0, for any ¢ € [0, 1] we have

t
pre(R") + pa(BY) < (R + 12(®") + [ [ (€] dE (s )

where £ € L%((0,1); L*(R"; f(p1, p2))) is the scalar reaction term associated to the minimizing
curve (p1, p2). Then, by Cauchy-Schwarz inequality, (5.4.27) and the fact that f(x,y) < C(z+y)

for some C' > 0, we have
/ / ‘§|2df (P10 P2,u) du) (/ / df(p1.u, P2.u du)

t
// |§|df(P1,u,P2u du
0 Jrn
(// |£|2df(m,u,pg,u)du+// df(pl,mp2,u)du>
0 Rn 0 JRn

(D02, v2), 1,122)° + € [ 1) + pra R ).

IN
[\D\F—‘l\.’)\lﬁ/\

IN

All in all, we obtain

t
p1e(R") + p2a(R") < Ci+ o [ p1o(RY) + po(®?) du

where Cy = v1(R") 4+ 15(R") + $Dx((v1,12), (111, 12))* and Cy = §. Thus, a straightforward
application of Gronwall’s inequality allows us to obtain ([5.4.34]). [
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We shall now prove that the functional Dy is indeed an extended distance, borrowing in
particular a classical scaling argument from the Wasserstein distance’s framework.

Proposition 5.4.11. Dk is an extended distance on M (R"™) x M (R").

Proof. Tt is clear that Dx > 0 and that it is symmetric.

Let now Dx((v1, 1), (p1, 2)) = 0, and let (p1, p2) be a minimizing curve of couples of
nonnegative measures from (v, 1) to (u1, p2), with vector fields vy, vy and scalar reaction term
&, whose existence is ensured by Proposition m Then, for Z!-a.e. t € (0,1), we have clearly
v; = 0 for p;-a.e. x, and € = 0 for £(p14, pas)-a.e. x. This means that p; = 0 in the duality
with C2°(]0,1] x R"™), and so p; must be constant in time, but this is possible if and only if
v; = p; for i = 1,2. This shows the nondegeneracy.

As for the triangular inequality, let us consider three couples of nonnegative Radon measures
(1, p2), (v1,12), (01, 09) such that Dg((vy,1s), (01,02)), Dx((01,02), (111, 2)) < oo, otherwise
there is nothing to prove.

Let (r1,72) be the minimizing continuous curve from (o4, 02) to (p1, f12), with velocity fields
(Z1,Z2) and scalar reaction term z; while (s1,s9) is the minimizing continuous curve from
(1, 112) to (o1, 02), with velocity fields (uy,us) and scalar reaction term y. Then, we define an
admissible curve from (vq,15) to (u1, u2) together with its velocity fields and scalar reaction
term by setting

PP CXCT 0<t<T,

pz(al’)-— Ti((t—T)/(l_T>’x) T<t<1,
(t.z) = | T4 /T) 0=st<T
T s -0y T,
£t z) o= L VT ) neret
7 2t =T)/(1-T),z) T<t<l1,

where we choose T € (0, 1) such that

T _ Dk ((v1, 1), (01, 09))
1-T  Dk((01,02), (1, pt2))

It is easy to check that (pq, pa, v, v2, &) is admissible. To simplify notation, we set

t,z)|?
Ao, 102, = [ 01(t,2) i 0) + sl 2) P dpna() + Xk )

Hence, it follows that

1
DE((v1,02), (11, 12)) < [ (o, o vr, 02, €)(1)
1 /T
- 7/ A (51,82, u1, uz,y)(t/T) dt+
T2 Jo
1 1 o
+ (1—T)2/T o (r1,72,21,20,2)(t =T)/(1 =1T)) dt
1 /1 1 1
— T/O %(517327U17U27y)<t> dt + M/() %(7’1,7"2,51’5272)@) dt
= (Dk((1, 1), (01,02)) + Dx((01, 02), (11, NQ)))Q'
This ends the proof. -
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As a byproduct of this proof, we can deduce the following technical result on the minimizing
curves p;.

Lemma 5.4.12. Let pq, pg,v1,v2 € My (R"™) such that Dx((v1,v2), (11, n2)) < 0o, and let
(p1,p2) € C([0,1]; M4 (R™) x ML (R™)) be a minimizing curve from (vi,v5) to (w1, o) with
respect to Dg. Then, for any s € [0,1] we have

DK((VD l/2)7 (pl,Sa pQ,S)) < \/EDK((VM V2)7 (Nla /L2>>, (5-4.35)
D ((p1,s5 p2,5), (11, p12)) < V1 — s Dk ((v1, 1), (i1, pi2))- (5.4.36)

Proof. By Proposition [5.4.9] there exist continuous curves of nonnegative Radon measures
P1t, P2, vector fields
v1,v9 € L2((0,1); L*(R™; p;))

and a scalar reaction term

€ € L*((0,1); L*(R™; £(p1, p2)))
such that ([5.4.3]) holds,

€17 (1)
2

1
D (11, v2), (b1, p2))* = /0 (/Rn [o1 (&) |? dp1s + [va(t)|? dpas + df (ps, P2,t)> dt,
and p; o = 4, pin = i, for i = 1,2. Let us now fix s € [0,1] and let p;; := p; 45 for i = 1,2. By
the continuity, it is clear that p;o = v; and p;; = p; s. In addition, it is not difficult to see that

B43) implies

d [ p; ) 5U101 S o 1

— [ 2 | =-d _ —f

dt<P2> W(svzpz T tup) |y )
so that, if we set T;(t) := sv;(st), i = 1,2, and () := s&(st), then (f14, pas, 01 (L), Ta(t), £(1)) is
a distributional solution to (5.4.3)). Hence, by the definition of the distance Dy, we obtain

€
2

1
Dk ((v1,12), (1.5 Pz,s>)2 < /0 (/IR" |0 (t)|2 dpy s + |52(lf)|2 dpas + df(p1 s, 527,5)) dt

_ 2 ! 2 2 |£|2<5t)
=S 0 R" ’Ul (St)‘ dpl,ts + ‘UQ(St” dp2,ts + 9 df(pl,tsa p2,ts) dt

= [ts = u]

_ # 2 2 1€ (w)]?
=S 0 an (o1 (w)|* dpru + [v2(w) | dpau + Ty df(p1,u, p2,u) | du

IN

1 1
3/0 (/Rn |U1’2 dp1 + ’Uz|2 dpa + §‘f|2 df (p1, P2)> du
S SDK((VIJ V2)7 (Nla N2>)2'
Hence, ((5.4.35) immediately follows. If instead we set p;; 1= p; s14(1—s), @ = 1,2, we get (5.4.36))

with a similar argument. O

As an consequence of , we can derive necessary and sufficient conditions on the
measures j; and v; to ensure the finiteness of D ((v4, v2), (11, i2))-

To this purpose, we also notice that for any m, ¢ > 0, not both zero, there exists o > 0 such
that f(x,mz+q) > ax as x — 0. This is a consequence of the concavity of f and the fact that
f(0,y) =0, for any y > 0, and f(x,y) > 0 for any z,y > 0.

Corollary 5.4.13. Dg((v1,v2), (p1, 1)) < 00 if and only if
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Proof. Let us at first assume that Dg((v1, vs), (p1, p2)) < o0o. Then there exist continuous
curves pp, po and a scalar reaction term ¢ which realize the minimum and such that (5.4.28)
holds for any ¢ € [0, 1]. In particular, we have

pE) = n®) = [ [ edilpr,pr)ds = pu(R") — (),

which immediately implies (5.4.37]).

Let us now suppose that (5.4.37) holds and that none of the measures pu;,v; is the null
measure. Then, we notice that we can transport the measures p;, v; into the absolutely contin-
uous measures ji; 1= i;(R").Z"1(0,1)" and v; := 1;,(R").Z"L(0,1)". By Remark and the
triangle inequality, we need just to show that (ji1, fi2) and (7, %) have finite distance.

We may now look for solutions to such that v; = 0. To this purpose, we observe that
any admissible curve (py, p2) must satisfy p; = po in the sense of distributions. Then, for any
test function ¢ € C,(R") and for any ¢ € (0,1) we have

d(pry — 1) = / d(pas — ).
/Rn ¢ (Pl,t Vl) o o (/)2,15 V2>
This means that ps; = p1+ + 2 — ;. We can clearly choose the following linear interpolation,
due to the identity ((5.4.37)):
pie = (1= OUA(R™) + tpis(R")) £7L(0,1)".

By definition of ji; and ;, it is easy to check that p; o = 7; and p;; = j1;. We denote by p;(¢, z)
the density of p;; with respect to the Lebesgue measure.
The scalar term ¢ is then a measurable function which satisfies the equation

(11 (R™) = 1 (R"))x(0,0)n () = ;f(m(t, ), pa(t, x))E(t, ).

Since f(0,0) = 0, we can choose £(t,x) = 0 for x ¢ (0,1)" and any ¢ € (0,1). On the other
hand, for x € (0,1)", £(¢,x) is a bounded function, since the concavity of f implies
Flpr(t, ), pa(t, ) = (L= 1) f(r (R"), v2(R")) 4 £f (2 (R"), p2(R™))
> ming f (11 (R"), 15(R")), (12 (R"), ja(R"))} > 0

for any x € (0,1)". This clearly shows that

1 1
/ / *f(p1702)|f|2d:€ dt < oo,
0 Jrr 2

for this choice of (p1, pa, v1, 2, €), thus proving the finiteness of the distance.

If instead 1 = v = 0, then (5.4.37) implies v5(R") = pe(R™) and Remark implies
that

D ((0,v2), (0, p2)) < Wa(va, p2) < o0.

If 1 = vy =0, then (5.4.37) implies u1(R™) = puo(R™), which we can assume to be non zero.
We can take then py(t,z) = pa(t,x) = g(t)Xx(0,1)~(x), for some continuous increasing function g
such that g(0) = 0 and g(1) = p1(R™). Therefore, it follows that we can select

29/ (1) .
Flat0), gy o0 ()

and we have to prove that there exists an admissible g such that
1 / 2
[la GOF
o fly(t),9(t))
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Now we select g(t) = 1 (R™)t7, for v > 0, and then we have that, as t — 0,

(d(1))?
a9 ="

Therefore, it is enough to choose 7 > 1 to obtain integrabiliy.

Finally, if 14 = 0 and the other measures are non trivial, we have ps(t,z) = pi(t,x) +
v2(R™)X(0,1)»(x). Hence, we can argue as in the previous case, this time having ps(t,z) =
(g(t) + v2(R™))x(0,1)n (x). Therefore, we have

24'(t)
flg(t), g(t) +c

where ¢ = 15(R™) > 0, and we have to prove that there exists an admissible g such that

f(t,l‘) - )X(071)"($)7

dt < oo.

[ 0
o flg(t),9(t) + )
Arguing analogously as before, we choose g(t) = u1(R™)t7, for v > 1, and we conclude. O

We show now that the convergence with respect to the Dk distance implies the narrow
convergence of each measure in the couple.

Proposition 5.4.14. Let (u1, p12), (v1,v2) € MT(R"™) x M*(R"), then, for any ¢ € Lip, (R™)
and 1 = 1,2, we have

/sodui—/ e dy;
R™ Rn

Proof. Clearly, we can assume that Dg/((p1, p2), (v1,12)) < oo, otherwise there is nothing to
prove.

Let p1, p2, v1,v9,& be the minimizing curves, velocity fields and scalar reaction term which
realize the distance Dg((u1, p2), (1, 12)). Then, for any ¢ € Lip, (R™) and i = 1,2, we obtain

1 1
/ sodm—/ pdv;| = / f/ pdp; dt =/ / vi-Vsodpﬁ/ so§df(p1,pz) dt
R™ R™ o dt Jrr 0o \Jr» Rr 2
1 3/ 3
< Lip(p) (// |Ui|2dpidt> (/ Pz‘(Rn)dt>
0o Jrn 0
1 1
Lo lgP s g
el ([ [ 5 dorpat) ([ [ dfGorpar)”.
0 JrRn 2 0 Jrr
Now, by the sublinearity of f and ([5.4.33)), we can conclude that there exists C' > 0 such that
1 3
( / pA]R”)dt) <c
0

</01 / . df(ﬂlw)a)civf)é <C.

This allows us to conclude. 0

Corollary 5.4.15. Let (uy, pi2), (4%, %) € MT(R") x M*(R™) be such that

< C([lllzeen) + Lip())Dic (11, p2), (v1, 12)). (5.4.38)

DK((/LL MZ)? (:ullc7 Ng)) —0

as k — +oo. Then u¥ narrowly converges to w;, and, in particular, uf(R™) — u;(R™) for
i=1,2.

167



Proof. By ([5.4.38]), we have
|k~ [ wdp
R" R"

as k — +oo for any ¢ € Lip,(R™). Given then ¢ € C,(R"), there exist two sequences
©;j, ¢; € Lip,(R") such that ¢; 1 ¢ and ¢; | ¢. Hence, we obtain

lim sup @ dpt < lim sup ¢] duf = / oj du;
k—+oo JR™ k—s-+o0

and
lim inf / o dut > hm mf

k——+o0

p; dp; = /Rn ©; dp.

Thus, we conclude by passing to the limit in j. Finally, if we take ¢ = 1 in (5.4.38)), we
immediately obtain the convergence u¥(R") — y;(R") for i = 1, 2. O

R

Thanks to Lemma [5.4.12)and Corollary [5.4.15] we can show a narrow convergence result for
the minimizing curves.

Lemma 5.4.16. Let (uy, po), (uf, ub) € M+ (R") x M*(R") be such that
15 H2

DK((ML MZ)? (:ulfv ”g)) —0

as k — +oo. Let (pF,p%) € C([0,1]; M, (R") x M, (R")) be a geodetic curve of couples of
nonnegative measures from (pi1, po) to (u¥, pu%) with respect to Dx. Then, for any s € [0,1], we
have

D ((p1, ), (P 4, P5.5)) — 0

and pﬁs narrowly converges to j;, 1 = 1,2 as k — +o0.

Proof. Thanks to ([5.4.35)), we immediately get the convergence of (p'is,pés) to (u1, o) with
respect to Dk for any s € [0, 1]. Then, Corollary |5.4.15( implies the narrow convergence. O]

However, we point out that the convergence with respect to the Dk distance does not imply
the convergence of the total mass of the vector valued measures, as we show in the following
example.

Example 5.4.17. Let us consider the following sequences of measures:

ulf = gr(z1) Z"L(0,1)",

ph= (1= gp(zy)) 2" L(0,1)",

where g : [0,1] — R is given by

2k=1-1
2m 2m+1
toe U 50750

gty =1t o€ U 50 =%

m=0
0 otherwise,

for kK > 1. It is not difficult to show that
1

,u’f — 5$nl_(0’ 1)n = U1,
1

ILLIQC — ignl_<0, 1)” = U2,

and that
i (R™) = p5(R™) = py (R™) = pp(R™) =
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In addition, we notice that u¥ have compact support inside [0,1]" for any k¥ > 1 and i = 1,2,
which implies that the second moments are uniformly integrable. Hence, |13 Proposition 7.1.5]
implies that

Way(ul, pi) — 0 fori=1,2.

The equality of masses and Remark allow us to obtain

DX ((uf 18), (g, p2)) < W3, pir) + W3 (pih, o),
and this yields that
(1t 15) 25 (1, oa)-
However, since p¥ and p% are concentrated on disjoint sets, we have
(o IR = 2+ 5 =1
Instead, p; = o, and so

| (1, ) |(R™) =
This shows that
D (1, p15), (11, p12)) = 0
does not imply |(u1, 15)|(R™) = |(p11, p2) | (R™).

5.5 First variation of Dg

In analogy with the theory of Wasserstein distance (see for instance [13, Chapter 10] and [19]),
it is of interest to study the behaviour of the distance Dk under smooth perturbations of the
endpoint measures. This is indeed a fundamental step in order to derive the Euler-Lagrange
equations for the minimizing movement scheme related to the gradient flow of the energy with
respect to D, in analogy with the approach of [18}21].

Let p;, v; € M4 (R"), @; € C*(R™;R") and ¢; € C°(R™) be smooth perturbations, and set
s = gbf’#(esm ), where ¢5 :=Id + e®;. Let p; be optimal curves satisfying .

We perturb the optimal curves p; by taking vector fields and scalar functions

5 € C°([0,1] x R™;R™),pf € C°([0, 1] x R™) such that ®) = 0,4 =0, ®; = &;, ¢} = ;.
We set
= G i),

where ¢;° :=1d + £®3.

If (p1, p2,v1,v2,§) is a weak solution to the system , then we can obtain a definition
of perturbed vector fields v{ and scalar function &° with a standard procedure (similar to the
one exploited in [19]). For any test function g € C}(R™), we have

d d
— = ©5)ef¥i dp;
dS g dpl ,S dS / g((bl )e dpl,S
s 0d; oy
= Ewi €58 L i L 1
/]R" ge ((vg>(¢1 ) as +g(¢l ) as ) dp1:3+

+ / E’Z’ld (—div(vipi) + gf(ph ;02))

0P?
= RH(VQ)@ *)ev <Ui+sV<I>f-vi+s 3 Z) dp;+

+ g(éis)eswgd (gf(pla p?) + 5V¢S ViP5 +¢ (;b ) .
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Hence, we may take

03
vy = (vi +eVd: v +e a;) o (7)1, (5.5.1)

As for the scalar reaction term, we get

£,8 s ops s
or (ewi (f(ph p2)€ + 2¢ 5@1 pi + 2eVps - vipl-»
£(pi. p5) '

Hence, we must find conditions under which these two expressions for ¢ = 1,2 are equal. In
other words, we need to choose only perturbations ¢; and v satisfying

¢ = (5.5.2)

€,8 s 8 i1 s
D1y (6 v (f(Ph p2)§ + 2 ;;1 p1 + 2eV)i ~v1p1>> = (5.5.3)

€,8 es O3 5
= P57 <e ¥ (f(Pl,m)f + 2¢ (,;iQPQ + 2eVip; - U2P2>> :

This is indeed a quite serious issue, since it does not seem straightforward to derive such
conditions, except for a few simple cases which we list here.

e (The case ®; = ®3) If we assume Of = &5 = O, we look for 5, ¢ satisfying

0 0
(e — e (py, po) = 28(6871}2(,;%:02 + €21y - vapy — €6wla¢;P1 — VY - vipy)
(5.5.4)
= 2(Ds,gge‘€¢2 (1, v9)pg — Dsﬁmew1 (1, v1)p1).

If we set v := e“¥i, then we obtain some type of nonlinear transport equation:

(Vi —12)f(p1, p2) = 2(Ds s - (1,v2)p2 — Doy - (1,01)p1).

In the particular case f(z,y) = /Ty and p; < £™, this reduces to

1 P2 P1
55(’75 - 75) = Ds,:vfyg ' (17U2) - - Ds,mei : (17U1> )
P1 P2

on supp(p1) N supp(pa).
e (The case ¢§ = 15 = 0) If we assume 5 =15 = 0, then (5.5.3)) reduces to

It follows immediately that this implies ¢7° = ¢5° on supp(p1)Nsupp(p2)Nsupp(£), and so
&7 = &5 = P°. Hence, if we do not change the masses of ;11 and s, the only perturbation
which is allowed is the one with the same push-forward in both components. This can be
also seen as the trivial solution to , since ] = @5 = ®° and 9] = ¢35 = 0.

One could argue that this implies a strong rigidity, which seems to depend only on the
reaction term. Indeed, in the limiting case of f = 0, we would have the Wasserstein
distance, for which no such condition is required. However, it might be that, since the
model describes cancellations, then there could be some sort of balance between p; and
p2: by moving them independently in the space, we might make this balance condition
fail.
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We focus now on this latter particular case; that is, ®] = &5 = &° and ¢; = )5 = 0. By
(5.5.1) and (5.5.2), we obtain
0P*
v = (vi +eVo® v +¢ ) o (¢=%)

0s
@s(f(m, p2)€)
f(p5,05)

Therefore, standard calculations yield

&=

s

' )
DK((Vh 7/2)7 (M‘ivﬂ;)) - DK((Vl, 7/2)7 (:uh ,u2)) < 25/0 /n(vl VDS - v+ g U1>p1+
0P*
+ (vg - VO - vy + Os v2)p2 ds+
oy pl,pz)é)' ,
£(p1, p3) — [£1°E(p1, p2) ds.
2//n £(p5, p5) (P, P5) — IEI7E (o1, p2)
If we assume now that p; < £, then
55 — — (f(plalO?)f) - o (¢E7s)_1’
f (det(Vqﬁs’S)? det( ¢s s)) det(Vgﬁ )
and so we get
: 1,05 f p P
€ P at (o, o8) = [ 1€ (o, 2) (p1, p2) N

f (det(€1¢a,s)7 det( ¢5 S)) det(v¢5 S)
= /Rn €12 F (p1, p2) — €l€12f(p1, p2) TEV D5+

+ TV <5f (p1, p2)p1 + gi (,01,/)2)P2> + o(e) da.

Hence, the contribution to the first variation of the reaction part is

/ / TV e°|¢f? ( (p1, p2)p1 + gi (p1, p2)p2 — f(m;m)) dx ds. (5.5.5)

In particular, if f is 1-homogeneous (for instance, f(x,y) = \/xy), then the reaction term
does not contribute to the first variation, since, by Euler theorem on homogeneous functions,

) )
flz,y) = fﬂai[(x,y) + yajyf(ﬂf, Y)-

We can now conclude that, at least under the absolute continuity assumption on pq, ps, the
first variation of Dk with respect to the push-forward perturbation ¢ is given by

! 0p* .
(@, D) —>2/ /n(vl-DCI)s-vl—i— o vpL+ (v DO v+ S wm)ppdst (5.5.6)

0
+ - / / Tr D<I>S|§|2< (p1, p2)p1 + ai(pl,P2)P2 —f(P1,P2)> ds.

It is worth to notice that in the case f is a 1-homogeneous function, then the second term is
identically zero, so that only the transport part contributes to this first variation.

Clearly, the absolute continuity assumption on the curves p; is quite strong, hence, it would
be interesting to consider the case of u;,v; < Z™ and to investigate whether under this con-
dition we would indeed have p; < £, in analogy with the classical case of the Wasserstein
distance.
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5.6 The descending slope of the energy

Following the idea behind the minimizing movements scheme (for a detailed exposition, we
refer to |13, Chapter 2]), it seems natural to look for the existence of solutions to the system

(5.3.6), by seeing it as a gradient flow of the energy

B pz) = 5 [ (V % )it pa(RY) + i)

with respect to the distance Dg. By [13, Theorem 2.3.3], if ® satisfies some lower semicontinuity
and coercivity assumptions and the relaxed slope 0~ ® of ® (the sequentially lower semicontin-
uous envelope of the local slope of ®) is a strong upper gradient for ¢ itself, then any curve
obtained as limits of the (generalized) minimizing movements scheme is a curve of maximal
slope for |0~ ®| which satisfies the following energy dissipation equality:

;/OT | (1, 1) (1) it + ; /OT 107D (11 (), (D) ? + D (11 (T), p12(T)) = (11 (0), p2(0))

for any 7' > 0, where |(p1, 12)'|(t) is the metric derivative of the curve (p(t), po(t)) with respect
to the distance Dy; that is,

(s, 12| (£) = Tim Dy ((pa(t + h), pa(t + 1)), (pua(t), pa(t)))
L RS0 ) '

However, it turns out that, in general, the self-energy

Peerr(p1, pr2) = pa (R™) + p2(R™)

admits a local slope |0®¢| which is upper semicontinuous and not lower semicontinuous with
respect to Dg.

We devote this section to proving this claim.

By the definition of the local (or descending) slope, by setting p := (u1, p2), we have

((I)self(/l) — Dyt (Hk))Jr .

0Pyerr| (1) := lim sup 5.6.1
’ 1f|( ) Hk%“ D]K(,uky,u) ( )

Proposition 5.6.1. We have
|0Pger| (11, p12) < \/2 /R" df (pu, pi2). (5.6.2)

Proof. Let ((u%, u5))x>1 be a sequence of couples of nonnegative measures on R™ converging to
(1, p2) with respect to Dg. In particular, we can assume that D ((uf, p5), (u1, p2)) < oo for
any k > 1. Hence, by Proposition [5.4.9 there exist (p¥, p§) € C([0, 1]; M, (R™) x M, (R™)),
v vs € L2((0,1); L2(R™; pf)) and &* € L2((0,1); L*(R™; £(p1, p5))) such that

1 1
Duc((pehs 48), o)) = [ ([ 10k dpk o 052 o + 1642 dE(k, o)) .

In particular, if we set p := (1, u2) and p* := (u¥, ub), we get

L
Dxc(p, ") > \//0 /Rn S|€F 2 dE (o1, p3) ds.
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Employing now ([5.4.28)) with t = 1 and s = 0 and Cauchy-Schwarz inequality, we get
+ n n n n +
(Poerr(11) = Par(1*)) " = (1 (R") + pa(R") = pf (R") — pu(R"))

- (/01 | € de(ot ob) ds)+
= V / | Ik P ag(ek, ob) ds\/ / [ dfiot ) as

All in all, we obtain

|0Dsere | (11, pr2) <thUP\/ // df (p%, p5)
kl§#

We notice now that, thanks to (5.4.34]), we obtain
L (6050 < C (o4, (R?) + 9, (RY))

< € (u(R") + a(R") + 3Dl o) (k) )

which yields the existence of a majorant in L'((0,1)) for the functions s — / df(ph ., p5 ).
Rr i

Thus, we can employ the continuity of the square root, Reverse Fatou’s Lemma, Lemma
and ((5.4.9) to conclude that

|0Dsen| (11, p2) < 2/ hrnsup/ df (pf, p5) ds <\/ / df (g, o) dS—\/ / df (1, 1)
k2

O

Under some additional assumptions on f, it is actually possible to obtain an equality in
(5.6.4). As a consequence of this and Remark ([5.4.3]), we deduce that the local slope of the self-
energy is upper semicontinuous with respect to the distance Dk, but not lower semicontinuous.

Proposition 5.6.2. Let f : [0,400) X [0,4+00) — [0,+00) be a continuous concave function
such that (5.4.1)) holds and satisfying also

f(z,y) < Cmin{z,y}, (5.6.3)

for some constant C > 0. Then, we have

|0Psert| (111, p2) = \/2 /R df (pi, p2)- (5.6.4)

In particular, |0@gq¢| is upper and not lower semicontinuous with respect to the distance Dy.

Proof. Thanks to ((5.6.4)), we need only to show that there exists a suitable sequence of ;* such

that
. ((I)self(/JJ> — self
Jim SR / df (11, 1) (5.6.5)

Let pf = p; — exf (11, p2), for some nonnegative sequence €, — 0. Thanks to (5.6.3)), it is clear
that ,uf’ > 0 if we assume ¢,C' < 1. It is easy to notice that

+
(‘Pself(,uh ,u2) - @self(ﬂlf,ﬂg)) = 2¢y, /Rn df(m, ,UQ)'
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We observe now that a solution to is given by ,01 = =8 +suf, v, =0, fori=1,2,
i € € L2(0. 1) LR STk, o) satiing

gk

We check now the integrability property of such €. Since 0 < f(x,y) < C(x + y), then there
exists a function g € L'(IR™; yu; + ) such that

fp1,p2) = g (1 +p2) and 0<g<C. (5.6.7)

In addition,
0 < f(pt,, p5) < C (un+ po — 2ex5F (i, p12)) < C (1 + pia),

so that there exists gi s € L'(R"; u1 + p2) such that

£(p1er Phs) = grs (1 + p12) and 0 < g <C. (5.6.8)
Combining (5.6.7) and (5.6.8)), we obtain the following expression for £*:
¢ = —2e, . (5.6.9)
Gk,s

We now let v := f(u1, to) and we use the concavity of f to get

F(of o ph ) = £ (ua(1 = VEr) + (1 — VERsY) ek ta(1 — ER) + (12 — VErsy)vEr)
> (1 — ER)f (1, p2) + Vet (i — Versy, 2 — /Ersy)
> (1= et (pu, o),

where we used (5.6.3) to ensure that p; — \/Egsf(p1, p2) > 0, for any i € {1,2} and s € [0, 1],
provided that /,C < 1, which can be assumed without loss of generality. As an immediate
consequence, we obtain the following relation between g and gy s:

Grs > (1 —V/Er)g.

It is easy to see that this and ([5.6.9)) imply

€8] <2 (5.6.10)

- \/—’
from which we conclude that &8 € L2((0,1); L2(R"; f(p, p%))). In addition, it is easy to notice
that ¢¥ < 0. Hence, thanks to (5.4.2)), (5.6.6) and (5.6.10)), we get
D k kK 2 < ! @df k k d
K((Ml?“?):(ﬂb/w)) = " ( Pl,ss P 25) 8
1_f/ [ (=& R0} . p5.) ds

82
= 2¢y, df ds =92—* / df _
1-— ,/gk /0 /Rn e df (py, p2) ds 1= /e Jen (per, p12)

All in all, we obtain

+
(q)self(/lh pa) — Peare(f, M§>>
D (15, 15), (1, p12))

> \/2(1 — VEx) /R df (p, p12),
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which easily implies (5.6.5)), so that (5.6.4) is now proved.

Finally, Remark (5.4.3]) implies immediately the upper semicontinuity of |0®¢|, while, in
order to prove that |0®g| is not lower semicontinuous with respect to the distance Dy, it is
enough to construct an example which shows that / df(-,-) is not lower semicontinuous with

Rn
respect to Dg.

We recall that f(0,z) = 0 = f(x,0) for any > 0. Without loss of generality, we assume
that f (%, %) > 0. Then, we take the sequences of measures (uf, i) of Example |5.4.17, which
satisfy

(1%, %) 25 (par, p2)

for py = po = 3£™L(0,1)™.
Since gg(x1)(1 — gx(z1)) = 0 for any z; € [0, 1], it is clear that

/Rn df (uy, i) = /01 flge(z1), 1 — gr(x1))dzy =0

for any k£ > 1, while
11
f = — .
/Rnd (:ulnu?) f<272> > 0

Thus, this means that / df (-, -) is not lower semicontinuous with respect to the Dx distance,
R"
and so is |0Dgee|. O
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